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SUMMARY 
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0 
A detailed study of two strong adverse pressure gradient flows has been 
presented here. In this study mean flow and turbulent quantities along with 
spectral analysis are studied. Downstream of fully-developed separation, the 
mean backflow appears to be divided into three layers: a viscous layer nearest the 
wall that is dominated by the turbulent flow unsteadiness but with little Reynolds 
shearing stress effects; a rather flat intermediate layer that seems to act as an 
overlap region between the viscous wall and outer regions; and the outer backflow 
region that is really part of the large-scaled outer region flow. The mean 
velocities in the backflow are the results of time averaging the large turbulent 
fluctuations and are not related to the source of the turbulence. It is found in 
these separating adverse pressure gradient flows that 
reattachment occurs very rapidly over a very short distance, .Le., 
reattachment occurs much faster than separation, 
in the backflow region there appears to be a semi-logarithmically flat region 
in the streamwise fluctuating velocity component, u’ , which spreads over a 
definite range of y/6, 
the backflow mean velocity profile scales on the maximum negative mean 
velocity U, and its distance from the wall N, 
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the inner flow scaling of Perry, Lim & Henbest (1985) for streamwise spectra 
does not hold good in the backflow region until intermittency,r,,, reaches 
unity in the flow and 
the flow variables cp,,(klS)/-Em vs. k,S forms a unique set of scaling 
parameters for study of streamwise power spectra in adverse pressure 
gradient flows. 
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I .  INTRODUCTION 
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The analysis of the behaviour of turbulent boundary layer flows with 
respect to flow separation or detachment is one of the most challenging problems 
in fluid mechanics. The problem of flow reversal due to an adverse pressure 
gradient is an important factor in the design of many devices such as jet engines, 
rocket nozzles, missiles, airfoils and helicopter blades, and the design of fluidic 
logic systems. In almost all cases, the limiting performance of these devices is 
determined by flow separation. Without proper understanding of this 
phenomenon many of our fluid mechanics applications will be limited in their 
capabilities. Until recent years it had been difficult to get quantitative 
experimental information on the flow structure downstream of separation in 
backflow region. Much of the difficulty in treating these kind of flows was 
limited due to lack of proper instrumentation. The invention of 
directionally-sensitive laser anemometer has made it possible to study more 
thoroughly the flow reversal in close proximity of a wall, such as in adverse 
pressure gradient flows. 
Many researchers have investigated adverse pressure gradient flows. One 
such study of adverse pressure gradient, steady, separating turbulent boundary 
layer flow is by Simpson, Chew & Shivaprasad (1981) using the same low speed 
wind tunnel test section described later. The behaviour of the pressure gradient 
for their flow is similar to the flow studied here. Much stronger adverse pressure 
gradients have been studied by Schubauer & Klebanoff (1951) which have similar 
features as compared to the flow under consideration, but its distribution is 
different from the present study. 
1 
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Based on Simpson et - al. (1981) we can state that incipient detachment 
(ID) occurs with 1 O/o instantaneous backflow; intermittent transitory detachment 
(ITD) occurs with 20% instantaneous backflow or y,, = 0.8; transitory 
detachment (TD) occurs with 50% instantaneous backflow or y,, = 0.5; and 
detachment occurs where rW = 0. The experimental results described here are 
concerned with two nominally two-dimensional separating turbulent boundary 
layers for airfoil-type flows. For these flows, the flow detaches and reattaches 
some distance downstream soon after detachment. Upstream of separation single 
and cross-wire hot-wire anemometer measurements are presented. Since a 
directionally-sensitive anemometer is required to provide meaningful data in the 
separated zone where backflow appears and the region immediately upstream, a 
directionally-sensitive laser anemometer technique was used in separated zone 
and region immediately upstream of it. Data collected using the above systems 
consisted of U, V, 3, v'z , -iiij, y, (the fraction of time that the flow moves 
downstream), streamwise velocity component u' power spectrum and other higher 
order turbulent quantities. The flow direction intermittency y,, was also 
measured using a thermal tuft. The data collected by these experimental 
techniques are presented in Appendix - I. 
e 
e 
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2.  EXPERIMENTAL EQUIPMENT 
2.1 Basic Wind Tunnel 
The basic wind tunnel configuration used for this study is the Low Speed 
Boundary Layer Tunnel at the Virginia Polytechnic Institute and State 
University which is a blown open-circuit type. The main stream of flow is 
introduced into the test section after first passing through a filter, blower, a 
fixed-setting damper, a plenum, a section of honeycomb to remove the mean swirl 
of the flow, seven screens to remove much of the turbulent intensity and finally 
through a two-dimensional contraction notzle to further reduce the longitudinal 
turbulence intensity while accelerating the flow to test speed. Figure 1 show a 
schematic diagram of 25 feet long and 3 feet wide test section of the wind tunnel. 
The upper wall is made of plexi-glass which is adjustable such that suitable 
free-stream velocity or pressure gradient can be obtained. The test wall is 
constructed with 3/4 inch thick fin-form plywood, reinforced every 11 inch with 
3 x 1 YZ x Y4 inch cross-sectional steel channel and the side walls are made of 
float-glass. 
The active boundary layer control system (three units, one at the beginning 
of the tunnel section, one at X = 2.5m and another at  X = 5.0m), which is 
described in detail by Simpson et - al. (1981), was installed on the non-test walls 
of the tunnel to inhibit undesirable flow three-dimensionality and to prevent flow 
separation on these walls. Highly two-dimensional wall jets of high-velocity air 
are introduced at the beginning of each of 8 feet long sections. At the latter two 
streamwise locations the on coming boundary layer is partially removed by a 
3 
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highly two-dimensional suction system, thus maintaining two-dimensionality 
throughout the test section. All the data were obtained at atmospheric pressure 
and at 25 f 0.5"C flow condition. It was possible to maintain steady 
temperature throughout the experiment by using a 5 ton air-conditioner. 
The inviscid core flow is uniform within 0.05% in the spanwise direction 
and within 1% in the vertical direction with a turbulence intensity of 0.1% at  
18.3 m/sec. The test wall boundary layer is tripped by the blunt leading edge of 
the plywood floor, the height of the step from the wind tunnel contraction to the 
test wall being !4 inch. Smoke can be introduced uniformly into the boundary 
layer just upstream of this trip for use with the laser-doppler anemometer. 
2.2 Laser Anemometer and Signal Processing 
The laser anemometer used in these experiments is described in some detail 
by Simpson & Chew (1979). It is a two-velocity-component (U,V) 
directionally-sensitive fringe type system using backscatter measurement 
technique. The unshifted and 21.505 MHz Bragg-cell shifted beam lie in a 
horizontal plane and measure the streamwise velocity with vertical fringes. The 
unshifted and - 15.158 MHz Bragg cell shifted beams lie in a vertical plane and 
measure ( - V  cos 4.4" + W sin 4.4") with almost horizontal fringes. The 21.505 
MHz and - 15.158 MHz beams form a third fringe pattern that measures (U + 
V cos 4.4" + W sin 4.4")/,/2 around 36.663 MHz. Since 9 and 
( -Y' cos 4.4" + w' sin 4.4") * were measured independently and u i i  was 
presumed very small, the Reynolds shearing stress -uV resulted from this 
4 
measurement. 
analysis, as described by Simpson & Barr (1975). 
Signal processing was by fast-sweep-rate sampling spectrum 
Difficulties with seeding a highly turbulent flow are well known since such 
flows are characterized by intense mixing. This problem is even more aggravated 
as we move away from the wall in free-stream direction due to low smoke 
concentration. The smoke is generated by six adjustable Laskin nozzles, each of 
which blows compressed air through 4 orifices of 1 mm diameter into Dioctal 
Phthalate (DOP). The DOP is atomized by the shearing action of the compressed 
air jets and produces a mean particle diameter of 1 pm. This 1 pm DOP particles 
follow the highly turbulent oscillations found in separated regions. Here 0.057 
cubic meters per minute of smoke at a concentration of about 4.8 x Kg/rn3 
of biown air was used. The smoke was distributed along the tunnel width just 
upstream of the test section by 33 evenly spaced holes in a cylinderical mainfold, 
which are supplied with smoke into both of its ends. A good Signal to Noise 
Ratio (SNR) of about 15-20 dB and a data rate of at least 400 Signals/sec., was 
obtained throughout the experiment. 
2.3 Hot - Wire Anemometers 
Miller - type (1976) integrated circuit hot-wire anemometers and 
linearizers, as modified by Simpson, Heizer & Nasburg (1979), are used in this 
study. The frequency response of these anemometers were flat up to 7.5 KHz for 
an overheat ratio of 0.7. This moderately high overheat ratio was used since the 
range of flat frequency response is improved with a high overheat ratio (Wood, 
1975). 
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Standard TSI model 1218 - T1.5 normal wire and model 124SR - T1.5 
cross-wire probes were used for boundary layer measurements. The closest to the 
wall that these probes could safely make measurements was about 0.002 inches 
and 0.035 inches, respectively. The sensing elements are 0.00015 inches in 
diameter and 0.05 inches in length and are made of platinum-plated tungsten 
wires. 
The traversing mechanism used for the boundary layer velocity 
measurements was mounted on the supporting frame for the upper wall and 
provided for precise positioning of sensor probes. A cathetometer was used to 
accurately locate the probe sensor from the wall with an uncertainty of about 
f 0.002 inch. The detailed streamwise free-stream velocity distributions were 
obtained using the model 1218 - T1.5 probe mounted on a mobile cart that was 
easily positioned along the flow. Hot-wire calibrations were made using a TSI 
model 1125 calibrator. Each linearized calibration had a low level dispersion 
from a straight line with a product moment correlation co-efficient in excess of 
0.9999 with a maximum deviation of -0.008. A standard TSI model 1015C 
correlator was used to obtain sum and difference values of signals for the 
cross-wire probe. 
To obtain the time-averaged results from normal and cross-wire probes a 
four channel Data Precision Corporation DATA 6000 model 61 1 universal wave 
form analyzer, and a true integrating voltmeter consisting of a voltage controlled 
oscillator and a digital counter were used. Data were sampled at 10 KHz to 
obtain the power spectra of streamwise fluctuating velocity component using the 
6 
DATA 6000 and averaged over 100 records to have total record-time in excess 
of 20 seconds. 
2.4 Thermal Tuft 
e 
e 
0 
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In practice, 5, has been extensively used as a parameter to locate flow 
detachment as 5, approaches zero. As is well known, its measurement in the near 
detachment region is difficult. Due to this, the location of flow detachment based 
on 5, alone is relatively uncertain. Flow direction intermittency, y,,, the fraction 
of the time that the flow moves downstream, provides more precise information 
in locating flow separation from the surface. 
Using hot-wire sensors to detect the wake of a central heater wire, the 
thermal tuft is a simple and inexpensive technique of measuring y,, , flow 
direction intermittency. A simple electronic circuit produces a high or low output 
voltage depending on whether the flow is moving downstream or upstream. Even 
though the LDV is a more versatile technique for such a measurement compared 
to the thermal tuft, it is more laborious and time consuming. Thermal tuft y,,
results are very repeatable within 3-4% uncertainty. The thermal tuft used in 
this study is essentially based on the principles demonstrated by Rubesin, Okuno, 
Mateer & Brosh (1975) which was further improved by Eaton, Jeans, Ashjaee & 
Johnston (1979). 
7 
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In this study two strong adverse pressure gradient steady free-stream flows 
are studied. In one flow the free-stream velocity at the throat of the tunnel at X 
= 1.62 m is 33 m/sec, which produces a Re, of about 27000 at detachment (Flow 
C). For the second flow, a leading edge single rectangular cross-section roughness 
element of 12.5 mm high and 10.3 mm wide was placed across the 
two-dimensional flow, 51 mm downstream of the blunt leading edge of the 
plywood floor (Flow D). The free-stream velocity at the throat of the tunnel for 
this flow is 22 m/sec. which produces a Re, of about 19000 at detachment. For 
these flows, the flow detaches and reattaches some distance downstream soon 
after detachment. 
Figures 2 and 3 show the free-stream velocity and non-dimensional 
pressure gradient dCp/dx distributions obtained along the tunnel centerline of the 
bottom test wall using the single-wire probe for both the flows. The mean 
velocity measurements were repeatable well within the uncertainty of hot-wire 
anemometer (f2.4% for measuring the mean velocity). The Cp was calculated 
using the relation 
where i denotes free-stream entrance condition at  a distance of 0.153m along the 
tunnel. To determine the derivative of Cp, a five point local least-square curve fit 
of C’ data was used at  each streamwise location. From figures 2 and 3 we can 
observe that the static pressure gradient has very similar behaviour. Also, in both 
8 
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these cases the slope of static pressure gradient changes its sign at X-location of 
2.5m approximately, where second wall jet boundary layer control unit is located. 
Thus, the pressure gradient relaxation begins upstream of intermittent 
detachment near the wall jet control in these flows and continues until the 
location of detachment. 
9 
e 
a 
a 
e 
0 
e 
e 
e 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1 Mean Velocity Profiles 
Mean velocity profiles for both the flows are presented in figures 4 and 5.  
Upstream of intermittent backflow these composite plots represent hot-wire 
measurements. Downstream of intermittent backflow laser measurements along 
with valid hot-wire measurement are presented. To check the validity of hot-wire 
measurements from the region of flow reversal (where 7," is less than unity), the 
following approximations were used as a rough check. In case of single-wire data 
it was considered that if the Gaussian velocity probability distribution is less than 
0.3 then the measurements are valid. Le., 
- 
< 0.3 
U 
This approximation for single-wire measurements is based on Simpson (1  976), 
argument of Gaussian probability distribution in the adverse pressure gradient 
flows. 
In the case of cross-wire data, if the magnitude of the flow incidence angle 
to the cross-wire bisector is less than or equal to 30" then the data are considered 
valid. Le., 
I 30" -1  ( V  + 2v') (U - 224') p = tan I (3) 
By the above approximations the cross-wire and single-wire data validity decrease 
in the streamwise direction as the backflow region is approached. 
e 
With these approximations the valid hot-wire data for mean velocity show 
good agreement with laser measurements with an overlap region, thus 
demonstrating the reliability of these measurements by different techniques. The 
maximum discrepancy among these measurements are about 2-3% in the mean 
velocity measurement. Based on the above analysis we can summarise that the 
data obtained using hot-wire anemometer probes is valid in the unseparated 
upstream boundary layer region and the outer part of the separated flow region. 
The laser-anemometer results obtained on different days at the same location 
indicated a high level of data repeatability. The uncertainities in 
laser-anemometer measurements are as follows: in mean velocity (U) f 0.1 m/sec; 
in i7
f 3% of maximum profile value; in y, f 0.02; in - UV f 5% of maximum profile 
value; in third order turbulent quantities f 10% of the maximum profile value 
and in fourth order turbulent quantities f 14% of the maximum profile value. 
In the inner region where the backflow exists, the law of the wall does not 
hold good. Figures 6 & 7 represents the law of the wall plots for both the flows 
in the upstream of intermittent backflow region. It can be noted that the extent 
of the logarithmic region decreases continuously after the beginning of 
intermittent flow-reversal. Simpson et al. (198 1) have also reported similar 
findings in their adverse pressure gradient flow studies. Both these flows exhibit 
profile similarity in the backflow region as can be noted from the mean flow 
profiles (figures 4 and 5). To get a better understanding of this similarity in the 
backflow region U and y are normalized with maximum negative velocity I U, I 
and its distance N from the wall respectively. Figure 8 show one such correlation 
1 1  
e 
e 
e 
e 
of U and y with I U, I and N. The solid line in this figures is an empirical relation 
given by Simpson (1983) for 0.02 < y/N < 1.0 as follows: 
(for the semilogarithmic overlap region between the viscous wall layer and the 
large-scaled outer region). Clearly the above equation with A = 0.3 describes the 
U/ IUN I vs. y / N  profile for 0.02 < y / N  < 1.0 in the present study. This 
correlation of negative velocity agree with many other researchers observation 
(free-stream data of Simpson et al. 1981; Westphal,l982; and Hastings & 
Moreton,l982) with A = 0.3. Dianat & Castro (1986) have also studied similar 
kind of correlation in their separating boundary layer study and claims that A 
= 0.235 gives a better fit than A = 0.3. Even though there is some scatter in the 
present data and Simpson et al. (1981) data, it is clearly evident that equation 4 
with A = 0.3 gives better fit than that with A = 0.235. However, it can be 
concluded that there exists a 'universal law' for negative velocity correlation given 
by equation 4 (except for a unique value of constant A ). In these flows both 
0 
U, and N increases with streamwise direction. The U+ vs. Y +  law of the wall 
velocity profile is not consistent with this correlation since the law of the wall 
length scale v/% varies inversely with its velocity scale z.+ unlike UN and N which 
increase along streamwise direction. 
a 
e 
In another correlation with backflow velocity the maximum negative 
velocity is studied with respect to shape factor given in figure 9 ( I U, I /Urn vs. 
e l/H). The solid line in this figure is given by the following equation (Simpson & 
Shivaprasad, 1983) 
12 
e 
0 
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It shows that in the present study no data fall below the solid line given by above 
equation. The above correlation of negative velocity is also studied by Simpson 
et al. (1981) and Simpson & Shivaprasad for both steady and unsteady flow data 
showing that no data fall below the solid line given by the above equation. As 
the solid line is a fit for steady flow data, it appears that these flows tend to 
depart from steady flow characteristic. This may be due to strong adverse 
pressure gradient of the flow. 
0 
4.2 Skin-Friction Results 
e Figures 6 and 7 gives law of the wall plots for both the flows along the 
streamwise direction. The mean wall shear stress values were obtained by 
adopting Coles & Hirst (1969) method which requires that for a given %, U+ = 
16.23 at  Y +  = 100. The logarithmic law of the wall equation 
1 U+ = -1n Y+ + 5.0 
K 
where K is 0.41 is shown in Figures 6 and 7 (solid line). Skin friction co-efficient 
values obtained by this method are presented in tables 1 and 2 for both the flows. 
As can be expected for these adverse pressure gradient flows the skin friction 
values decrease in the streamwise direction until the reattachment process begins. 
The skin friction co-efficient was also calculated using the Ludwieg-Tillman 
(1950) relation which is valid in the attached flow region: 
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C' = 0.246 x 10-0*678H Ree-0*268 (7) 
e 
The skin friction co-efficients obtained by these two methods show good 
agreement in the attached flow region. Close to detachment the values obtained 
by the Coles & Hirst method are 6% lower compared to the values obtained by 
Ludwieg-Tillman relationship. This difference reduces to as little as 1.2% 
upstream of intermittent backflow. 
4.3 Upstream-Downstream Intermittency 
Figures 10 and 11 show the fraction of time that the flow is in the 
downstream direction y, vs. y obtained by LDV measurements. A similar 
measurement of y, vs. X measured at 1.2 mm from the wall in the streamwise 
direction by thermal tuft is presented in figures 12 and 13 for both flows along 
with y,, obtained by LDV at  same location (X and y). The tuft data were 
obtained in two different orientations at each X location. In the first orientation 
one of the sensor wires senses forward flow and other sensor wire senses 
backward flow. In the second orientation the sensing position of these wires are 
interchanged by rotating the tuft by 180" in the flow. Two sets of data were 
obtained using the thermal tuft in each orientation. All these measurements show 
a good agreement with maximum discrepancy of 7%. 
In the flow C without the roughness element (throat velocity of 33 mlsec.), 
ID occurs a t  3.05m, ITD occurs at 3.46111 and T D  occurs at 3.71m from from the 
leading edge. This flow reattaches at y, = 0.5 (at 1.2mm from the wall) which 
is approximately at 4.7m from the leading edge. In the flow D with roughness 
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element (throat velocity of 22 mlsec.), ID occurs a t  3.05m, ITD occurs at 3.36m 
and T D  occurs a t  3.71m from the leading edge. Sandborn & Kline (1961) have 
defined region of intermittent separation and fully-developed separation based 
on mean velocity profile information, i.e., shape factor H and 6*/6,, (which can 
be shown using boundary layer parameters from table I & 2). The intermittent 
and fully-developed separation locations (based on the mean velocity profile 
information) in both the flows found to agree with ITD and T D  (based on y,,)
respectively. Estimating the locations of intermittent transitory detachment and 
transitory detachment from the mean velocity profile information is more 
laborious and time consuming. Thermal tuft measurements are very simple and 
data can be obtained in a relatively easy manner. At the same time, the data 
obtained using thermal tuft can be considered very reliable. 
From y, vs. y/6 observation it can be noted that the maximum mean 
negative velocity (Le., backflow velocity) is reached at a point slightly away from 
the wall. This is also been reported by Simpson et al. (1981) in their separating 
turbulent boundary layer flow studies. y, distributions near the wall are 
trough-shaped in the region downstream of intermittent separation and show 
some similarity. 
In another parameter cross-plot, the y, distribution is tested for 
(ypy-ypumin)/(l -y,,,,,J vs. y/M similarity, where M is the distance from the wall 
of the maximum u' or Y' or -uY value. Figure 14 show one such correlation 
where M has been chosen as distance of maximum -fi distribution. It can be 
noted that all the data for y, < 0.8 at 1.2mm from the wall correlates together 
and all the data for 0.8 < y,, < 1.0 at 1.2mm from the wall correlate together. 
e 
e 
These observations are consistent with the Simpson et al. (1981) studies in 
detached flow region where y,, is less than 0.8. 
0 
0 
0 
The displacement thickness (given in tables 1 and 2) of the boundary layer, 
which increases rapidly just downstream of incipient detachment. The behaviour 
of intermittency, y,,, and boundary layer parameters such as CP e, 6 and 6* show 
that both the flows reattaches approximately a t  X location of 4.70m. In case of 
flow D with the roughness element the mean velocity measurements were not 
conducted beyond 4.5m. In these two flows, the flow without the roughness 
element (flow C) show separated characteristics further upstream than the flow 
with the roughness element (flow D). At 4.7m in the flow with the roughness 
element the intermittency factor still is decreasing. 
0 
4.4 Second Order Turbulent Quantities 
0 
e 
m/U, , n / U ,  and - X / V &  vs. y/6 plots are shown in figures 15-20. 
To minimize the uncertainty in cross-wire probe data, measurements were 
performed with the probe oriented perpendicular to test wall in attached flow 
region and parallel to top wall of the tunnel in separated region. After the 
measurements, all the data were reduced to a laboratory co-ordinate system. This 
minimized the uncertainty in turbulent quantities measured by cross-wire probe. 
Measurements of second order turbulent quantities measured by cross-wire show 
good agreement with single-wire (in 2 only) and laser measurement techniques 
with greater overlap within the uncertainty limit of these quantities. 
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Near the wall ii2 is greater than F at all the locations. It was observed that 
this difference is very significant in separated flow region. From the intermittent 
backflow region (which is approximately 3.05m from the leading edge for both 
the flows) and downstream, the slope of Ju'i/Vw first increases withy / 6  and 
then decreases to a constant value over a short region before increasing again 
until reaching a maximum value in the flow. This semi-logarithmic constant 
slope region was observed to spread between approximately y 0.01 to 0.1 y/S 
(figures 15 and 16). Shiloh, Shivaprasad & Simpson (1981) in their work on 
adverse pressure gradient flows have also reported a semi-logarithmic constant 
slope region and they recognize this region as infliction point region. Even in 
their study this region is noticed to be between 0.01 to 0.1 y/6 (Refer figure 4 of 
Shiloh et al. ). This infliction region for these flows are as shown in figures 15 
and 16 where "A" marks the beginning of this region and "B" shows the end of 
this region. It appears that the flow is controlled by the turbulence in this region. 
This semi-logarithmic region in u' distribution may be due to two different 
sets of scaling parameters dominating the inner and outer region of the flow. In 
inner region the turbulent motion for u' may be represented as 
e 
where V, and yw are wall region scaling parameters. Here y,,, has to be some 
function of viscosity. In outer region the scaling parameters can be U, and 6 
such that 
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If so, then the overlapping region s,,ould satisfy these two relations 
simultaneously. The function that matches two different scaling is logarithmic 
(based on Millikan, 1938 type of argument). Here it can be written as 
Y 
Y W  
 AI^ 1-1 +Bin I+I = constant 
a 
0 
e 
I) 
It appears that the semi-logarithmic region observed in f l  distribution may be 
due to this reason. (However, the slopes of these flat regions in each profile is 
found to be different in the present study and also in Shiloh et al. study.) 
The maximum value of U'L along streamwise direction was noted to be 
increasing until the flow reattaches after separation. Once the flow is reattached 
the maximum value of i i 2  decreases. Contrary to the behaviour of the maximum 
9, the normal and Reynolds shear stress components v? and -uY maximum 
values were noted to be increasing even after the flow reattachment. All these 
three second order turbulent quantities show some profile similarity and low 
levels of Reynolds shearing stress in the wall region after detachment. All these 
observations are consistent with Simpson et al. (1981) steady flow data for 
similar pressure gradient flows. (Their study was limited to upstream of 
reattachment). 
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4.5 Turbulent Correlations 
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Figures 21 and 22 show distribution of shear stress correlation co-efficient 
-E/Ju"i-, upstream of separation which is a measure of the extent of 
correlation between u' and Y' fluctuations. Near the outer edge the values are 
large since -E, u' and Y' approaches zero. 
Upstream of separation along the streamwise direction of flow, the 
correlation co-efficient falls until the beginning of intermittent backflow. This is 
consistent with the Schubauer & Klebanoff shear stress correlation co-efficient 
distribution in their strong adverse pressure gradient boundary layer flow, even 
though the adverse-pressure gradient distributions are different. Upstream of 
separation all these profiles show a nearly constant value of correlation 
co-efficient at each streamwise locations. This constant value was about 0.42 at 
X = 2.2m and monotonically decreases to as low as 0.3 in the vicinity of the 
beginning of intermittent backflow. 
Unlike the distribution far upstream the shear stress correlation 
co-efficient does not exhibit a constant value over a large part of the outer layer 
once the backflow starts to appear. As one moves downstream, the peaks of the 
distribution seem to be gradually moving towards the outer edge of the boundary 
layer with maximum correlation co-efficient of 0.3. Once the flow starts 
reattaching, correlation co-efficient shows attaining higher maximum value of 0.4 
again as shown in figures 23 and 24. 
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All these observations are in agreement with those of Simpson et al. (1981) 
for similar adverse pressure gradient distribution study. Upstream of intermittent 
backflow the constant value for shear stress correlation co-efficient noted by them 
was as high as 0.5 and decreases monotonically until the beginning of intermittent 
backflow. In the backflow region the maximum correlation coefficient of 0.3 was 
observed (refer figure 13 of Simpson et al. ,1981). 
4.6 Spectral Measurement 
Spectra describe the energy distribution amongst different sizes of eddies 
Le., largest eddies to smallest eddies where they dissipate to heat. Based on 
dimensional analysis Perry, Lim & Henbest (1985) have proposed new scaling for 
power spectrum in a turbulent wall region (defined as yuJv > > 1 and 
y/6 < 1). For turbulent flows they define three types of scaling such as inner, 
outer and Kolmogoroff flow scale. Many researchers have used this inner flow 
scaling, showing good agreement in zero and favourable pressure gradient flows 
(Ahn, 1986, zero and favourable pressure gradient flows; Erm, Smits & Joubert, 
1985 zero pressure gradient flow). However, none of these studies shows the 
effectiveness of this model for adverse pressure gradient flow conditions. In this 
study an attempt has been made to check the validity of Perry et al. (1985) inner 
flow scaling for adverse pressure gradient conditions. I t  is known that in the 
separated flow region z+ is nearly zero and using this quantity as scaling 
parameter will not lead to any meaningful results. Thus, in adopting Perry et al. 
(1985) scaling for the present study, the maximum Reynolds shear stress is used 
as a scaling parameter instead of ur in the backflow region. However, upstream 
of intermittent flow detachment region the maximum Reynolds shearing stress is 
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also the wall shear stress. These data are also compared with the model 
equations proposed by Perry et al. (1985) in terms of inner flow scaling as 
follows: 
For K,-* region, 
For K;-5/3 region, 
0 
0 For K i 7  region, 
Here A I  = 0.833 and & = 0.49, which are universal constants and the maximum 
Reynolds shear stress has been used instead of ut. 
In each flow studied, u' power spectra were taken at five different 
streamwise locations (three locations in each flow is presented here). Using the 
Perry et al. (1985) inner flow scaling definition and the maximum shear stress the 
spectral data are normalized for these adverse pressure gradient flows (figure 
25-30). Figure 25 and 26 represent u' power spectra for both the flows at X = 
1.63m where the maximum shear stress is also the wall shear stress. In this region 
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spectral measurements show excellent agreement with the model equation (1 1) 
with features of K i l  law region. Further from the wall and downstream before 
the beginning of intermittent backflow a Ki5’3 law region starts dominating the 
higher wave number energy structure. Until intermittent backflow an envelope 
in spectral distribution was observed (figures 25-28). This kind of envelope was 
also reported by Perry, Henbest & Chong (1986) and Ahn in their zero and 
favourable pressure gradient flows. Since the flow is attached in this region the 
spectral scaling exhibit the wall-bounded flow behaviour even in the adverse 
pressure gradient conditions. Spectra have higher energy closer to the wall and 
decrease as one approaches the boundary layer edge. Thus near the wall the 
contribution to the turbulent energy in the low wave number range made by 
larger eddies decreases while the contribution of smaller eddies increases. 
Figure 29 represent spectral data a t  X = 5.40m which is downstream of 
reattachment. Figure 30 represent spectral data at X = 3.5m with intermittent 
backflow. In the backflow region the model equation using inner flow scaling 
fails to show full agreement. Also, in this region no such significant envelope in 
spectral distribution was observed as seen in upstream of backflow. It was also 
noticed that where the intermittency,y,,,, reaches unity in the flow u’ spectra starts 
showing some agreement. In these (X,y) locations hot-wire data are no good 
where intermittent backflow is present. The data in the region show higher 
values and almost dominate the entire flow in the backflow region. (At the 
X-locations of figures 29 and 30, y,, does not reach unity until y/S of 0.17 and 
0.25 for flow with and without roughness element respectively.) 
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Regarding the validity of these type of scaling Erms - et al. concludes that 
for u' power spectra the agreement was good only up to Re, = 5010. Also, for 
the broad band turbulence measurements, the spectra have a Reynolds number 
dependence and an apparent dependence on the tripping device. In these adverse 
pressure gradient flows considered, the Perry et al. (1985) model for inner flow 
scaling shows good agreement up to Re, = 5000, as noted by Erms et al. Here, 
even though Re, is greater than 5000 there was a moderate agreement with inner 
flow scaling before the backflow appearance. The disparity of this type of scaling 
in the negative velocity region can be attributed to the directional-insensitivity of 
the hot-wire sensor as discussed earlier. 
From the above observation of Perry et al., inner flow scaling it can be 
noted that this type of scaling does not show good correlation in streamwise 
spectral data for adverse pressure gradient flows in the intermittent backflow 
region. In this region even after intermittency, y,,, reaching unity the inner flow 
scaling fails to show good correlation in power spectra. In order to get a better 
correlation of u power spectra several other scaling parameters have been tried. 
One correlation using the outer flow variable such as 60.w instead of inner flow 
variable y shows a good correlation at all streamwise locations irrespective of the 
flow behaviour (attached or separation). The inverse power law and -5/3 law 
with as scaling parameter can be modified as follows: 
a 
for Ki' region, 
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for KY”~ region, 
Figures 31 - 40 represents u’ power spectra using the outer flow variable 
6,, as scaling parameter (from throat to separation) region for both the flows 
with and without roughness element. Upstream of intermittent backflow 
(attached flow region) figures 31 - 34 show a good correlation of spectral data 
that agrees with the model equation (14) representing the inverse power law. 
However, the outer flow scaling does not show any envelope in the spectral 
distribution as observed with the inner flow scaling. In this type of scaling, the 
constant A, of the model equation (14) is still 0.833 (which is the universal 
constant). Thus, the type of scaling using either inner or outer flow parameter 
does not have any significant effect on the spectral distribution in unseparated 
flows. 
As the intermittent backflow region is approached the K-5 /3  law starts 
dominating the spectral distribution. In backflow region (figures 37 - 40) the 
inverse power law looses its significance and a dominant -5/3 power region with 
good correlation can be noted when outer flow variable is used. The constant & 
of the model equation (15) for -5/3 region has higher value for outer flow scaling 
than universal constant which is 0.49. The -5/3 law with = 11.5 presents a 
best fit to this type of scaling for the adverse pressure gradient flows. 
From figures 31-41 it can be observed that at lower wave number 
(specially in K-* law region) u’ power spectra peels off. The spectral peel off is 
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in order of increasing Reynolds number and increasing y/6 at  the low wave 
number end. At higher wave number all spectra show good collapse showing 
good spatial resolution in f l  causing a greater inertial subrange. Figure 33 - 
41 indicates that the data match quite well with the -5/3 line associated with 
higher value of constant K, (r 1 1.5) in the inertial subrange. However, once the 
flow shows reattaching characteristics the spectral data (figure 39) for outer flow 
scaling does not quite match with -5/3 line associated with KO = 11.5. The 
deviation may be due to low Reynolds number effects. 
For outer flow scaling, the inverse power law region appears in the wave 
number range of k16 z loo - 4 x 10' with its value (p,,(k16)/ - uv,, ranging from 
4 x - 5 x 10-I. The inertial subrange has almost same wave number range 
of k,6 z 4 x 10' - IO3 with its value ranging from - 5 x lo-'. in the inverse 
power law region the presence of roughness element in the flow does not show 
any effect. However, in the inertial subrange the roughness element in the flow 
show some effect on energy content. In this region the spectral distribution is 
shifted to higher wave number range (lo2 - 4 x lo3) compared to spectral 
distribution for flow without roughness element. 
- 
The present data with the outer flow scaling is compared with Simpson, 
Strickland & Barr (1974) spectral data in adverse pressure gradient separated 
flows and Bradshaw (1967) data of equilibrium boundary layer study in 
separating flows. In each flow (C & D) under consideration two sets of data at 
two different locations (in the separated flow region) has 
comparison. The selection of these sets of data was arbitrary. 
one such comparison where a "universal" behaviour in the 
I 
been selected for 
Figure 41 presents 
streamwise power 
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spectra can be observed. Thus it appears that the spectral distribution for 
streamwise power spectra using flow variables cp,,(k18)/ - Em, vs. k,6 as scaling 
parameter correlates the spectral data and forms a unique set of parameters for 
streamwise power spectral study in adverse pressure gradient flows. 
4.7 Higher Order Turbulent Quantities 
In this section the effect of separation on higher-order structure functions 
has been studied. The third and fourth moments are given by 
uE = jt,"(U - U)"P(U)& 
0 
a 
e 
with n = 3,4 were calculated from each U and V laser anemometer velocity 
histogram P(U) and P(V). Simpson & Chew showed that the skewness factors, 
S, = (u3)/(i?)3/2 and S, = ( i3) / (v 'L)3f l ,  and flatness factors, F, = (u")/(9)2 and 
F, = (V4)/(vY2, were about i O . 1  and i0.2 uncertain (for skewness and flatness 
respectively). The instantaneous value of odd moments can have either positive 
or negative sign and very slight off-sets can adversely affect the behaviour of their 
measurements. Some scatter in the data can be noted compared to Simpson, 
Chew & Shivaprasad (1981 ,b) data. In the present study all the data have been 
presented irrespective of its unccrtainity without setting any arbitrary uncertainty 
limit (which is 25% for Simpson et al. ,1981,b). 
Figures 42  - 45 present flatness factor F, and F, for the two adverse 
pressure gradient flows under consideration. The flatness of Gaussian noise and 
a sine wave are 3 and 1.5 respectively. The former is completely random where 
as the latter is well organized. Comparison of figures 42 - 45 show that F, and 
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F, have flatness factor above that of Gaussian noise. It also indicates that 
separation does not have much effect on F, and F, over the shear layer. 
Comparison of the data for both flows suggest that the roughness element also 
does not have any significant effect on F, and F, over the shear layer. The results 
are compatible with that of Simpson et al. (1981,b) observations for these higher 
order turbulent quantities in their earlier adverse pressure gradient flow. When 
this quantity was studied using Y+ co-ordinate instead of y/6 co-ordinate, the 
flatness factor (both F, and F,) show some effect of pressure gradient close to the 
wall. This behaviour in flatness has also been reported by Simpson et al. 
(1981,b), Ueda & Hinze (1975) and Sandborn (1959). The flatness factor of 
above 3 in adverse pressure gradient has been also reported by Simpson et - al. 
(198 1 ,b) which is above the Gaussian probability distribution. This is possible 
because the inrush phase of the bursting cycle which brings in high-velocity fluid 
from the outer region results in large-amplitude positive ut fluctuations and 
consequently produces a large skirt in the velocity probability distribution. 
Similarly, near the outer edge of the boundary layer, intermittent large-amplitude 
negative ut fluctuations occur as a result of the large eddies driving the fluid from 
the low velocity regions outwards, which tends to increase the flatness factor. 
Sandborn’s data for F, in an adverse pressure gradient boundary layer flow also 
show similar behaviour as seen in the present data. 
Very close to the wall the data for skewness factor S, and S, presented in 
figures 46 and 47 increase with increasing distance from the wall. They reach 
maximum values in the region of 0.07 to 0.2 y/6. Thereafter, they decrease with 
increasing y/6 and continues to fall. Their sign changes at approximately y/6 2 
0.65. This kind of increasing and then decreasing behaviour in the skewness 
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)r has been reported by Ueda & Hinze in a flat-plate boundary layer, Ueda 
Iizushina (1977) in a fully-developed pipe flow, Arora & Azad (1980) in a 
J ~ ~ ~ ~ : ~ ~  
CW POOR QU- 
:dl diffuser with 8" divergence angle and Simpson et al. (1981,b) in their 
rse pressure gradient flow. However, only Simpson et al. (1981,b) has 
In sign change in skewness factor away from the wall. All other authors have 
e 
rted skewness factor reaching a constant value of nearly 0.35 at Y +  2 100. 
cstingly, this sign change location corresponds to the region where the 
iolds shearing stress and the second order turbulent intensities reach their * 
imum value. This may be due to the intense momentum exchange in this 
)n resulting in the lack of occasionally very high or very low fluctuations in 
mgion. As a result probability distribution does not have much skewness in 
region. 
. .  
1 a. 
*Also downstream of detachment the skewness of u', S,, is reduced to 
tive values in the negative velocity region close to wall as shown in figure 46. 
negative skewness value close to wall in S, was limited to the flow region 
0 
re y,, < 0.5 at 1.2mm from the wall. Thus, skewness factor in the separated 
show a sign change twice, once closer to the wall and once away from the 
In between it reaches a maximum value. As one moves closer to the wall, *e 
intermittent large amplitude positive u' fluctuation makes the probability 
-ibutions more positively skewed and vice versa when one moves away from 
The maximum value of S in these experiments range from 0.32 to 0.85. 
8 researchers have reported a constant value of S which is in the range of 
to 0.5. However very few of these studies belong to adverse pressure gradient 
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or separating flows. Two such studies are of Simpson et al. (1981,b), Arora & 
Azad where they have reported skewness factor as high as 1 .O in adverse pressure 
gradient flows. 
The distribution of v3 for both the flows are shown in figures 48 and 49. 
The behaviour of this higher order fluctuating velocity component agree with the 
results of Wygnanski & Fiedler (1970) in two-dimensional incompressible mixing 
layer flow and Smits, Eaton & Bradshaw (1979) study of cylinder-flare model in 
20" bend blower rig. Near the wall region this velocity component has very small 
value nearly equal to zero. Away from the wall it reaches a maximum in the flow 
and then continuously decreases attaining negative value before y = 6. This 
maximum was observed to be increasing in the streamwise direction. Flow 
separation and reattachment do not show any influence on this higher order 
turbulent quantity. The maximum values observed in this study is less than that 
of Wyganaski & Fiedler mixing-layer data. 
-- - 
Triple products of velocity fluctuations of q2u, q2v , u2v and 3 appear in 
the turbulent-transport terms of the transport equations for turbulent kinetic 
energy and shear stress. These are believed to be the footprints of the large 
eddies. Two such triples product are presented here as - u2v + uv2 (figures 50 and 
51). This third-order cross product was estimated from (u - v)3, v7 and u7 LDV 
measurements. Even though some scatter is present in the data, the general 
behaviour of this triple product can be followed (shown in solid line). It appears 
- -  
that until reattachment the cross product show increasing trend in streamwise 
direction and after reattachement it show decreasing trend. It appears to be 
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showing sign change a t  two locations, one very close to wall and once away from 
the wall. 
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In conclusion we can summarize that in these separating turbulent 
boundary layer flows due to adverse pressure gradient 
the reattachment occurs very rapidly over a very short distance compared to 
flow separation, 
in the backflow there appears to be a semi-logarithmic constant slope region 
in the streamwise velocity fluctuation, u', which spreads over a definite range 
of Y/&  
the backflow mean velocity profile scales on the maximum negative mean 
velocity UN and its distance from the wall N ,  
it indicates that a 'universal law' exists for negative velocity correlation except 
for unique value of constant (A of equation 4), 
the correlations of Sandborn & Kline for the locations of intermittent 
separation and fully-developed separation based on mean velocity profile 
information agree with ITD and TD based on y, alone, 
spectral measurements compared with Perry et al. (1985) inner flow scaling 
show good agreement up to Rq, = 5000. Even though, Rc$ is greater than 
5000 it shows good agreement if negative velocity is not present in that region, 
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in the intermittent backflow region inner flow scaling for streamwise spectra 
fails until flow intermittency,y,,, reaches unity, 
0 
I, 
0 
0 
the flow variables cp,,(klS)/-uV,, vs. k,6 forms a unique set of scaling 
parameters for study of streamwise power spectra in adverse pressure 
gradient flows, 
compare to inner flow scaling, the effect of tripping device is more significant 
with outer flow scaling, 
upstream of intermittent backflow, near the wall region, the production of 
turbulence predominates and the spectral law for the non-viscous subrange 
is Ki’. However, away from the wall the inertial transfer among the eddies 
predominates and the spectral law for inertial subrange is Ki”, 
flatness factors both F, and F,, have greater values than gaussian probability 
distribution values in the adverse pressure gradient flow, 
0 
0 
in separated flow region the flow is negatively skewed closer to the wall. Far 
away from the wall it reaches positive maximum before changing sign again. 
This change in sign location far away from the wall corresponds to the region 
where the Reynolds shearing stress and other turbulent intensities show 
maximum value. 
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Table 1. Parameters of the mean flow development 
for flow without roughness element. 
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Table 2. Parameters of the mean flow development 
for flow with roughness element. 
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Figure 2 . Pressure gradient distribution and Free-stream velocity 
along the tunnel center-line for flow without roughness element 
(Flow C). 
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Figure 3 . Pressure gradient distribution and Free-stream velocity 
along the tunnel center-line for flow with roughness element (Flow 
D). 
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Figure 4 . Non-dimensional composite mean-velocity profile from 
the laser anemometer and hot-wire anemometers for flow C without 
roughness element. Note the displaced ordinate for X > 2.S5m. 
Solid lines are for visual aid only. ” 0 ” Laser; ” X ” Cross-wire; ” 
+ ” Single-wire. 
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Figure 5 . Non-dimensional composite mean-velocity profile from 
the laser anemometer and hot-wire anemometers for flow D with 
roughness element. Note the displaced ordinate for X > 2.SSm. 
Solid lines are for visual aid only. " o " Laser; " x " Cross-wire; " 
+ " Single-wire. 
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Figure 6 . Universal wall law plot for flow C without roughness 
element upstream of intermittent backflow region. Solid line 
represent equation 6. " X "  1.62m; " + " 2.20m; " 11'' 2.85m. 
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Figure 8 . Normalized backflow mean velocity profiles: U/U,,, vs 
yiN Flow C without roughness element ” 0 ” 3.96~1: ” + ” 4.47m: ” 
* ” 488m. Flow D with roughness element ”0 ” 3.96m; ’ X ”  4.47m. 
Solid line represents equation 4. 
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Figure IO . LDV measurements of the y,,, fraction of time that the 
flow is in downstream direction for flow C without roughness 
element. " eD " 3.45m; " x " 3.96m; " 0 " J.47m; " + " U S m ;  " # " 
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Figure 2 2  . LDV measurements of the y, fraction of time that the 
flow is in downstream direction for flow D with roughness element. 
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Figure I2 . y,, fraction of time that the flow is in downstream 
direction at 1.2mm from the wall vs. X for flow C without 
roughness element. Solid lines are for visual aid only. " L " Laser; 
" #, S, *, + ".Thermal tuft for two orientation. 
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Figure 23 . yPU fraction of time that the flow is in downstream 
direction at  1.2rnm from the wall vs. X for flow D with roughness 
element. Solid lines are for visual aid only. " L " Laser; " #, S, *, 
+ " Thermal tuft for two orientation. 
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Figure 15 . Axial turbulence intensity profiles, m / U m  vs yi6 for 
flow C without roughness element. Note the displaced ordinate. 
Solid lines are for visual aid only. ”0  ” Laser; ” X ”  Cross-wire; ” 
+ ” Single-wire. 
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Figure 16 . Axial turbulence intensity profiles, F i L r 9  vs y/6 for 
flow D with roughness element. Note the displaced ordinate. Solid 
lines are for visual aid only. " 0 Laser; I* x " Cross-wire; + " 
Single-wire. 
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Figure 1 7 .  Normal turbulence intensity profiles, f l , ' U ,  vs 4' 8 for 
flow C without roughness element. Note the displaced ordinate. 
Solid lines are for visual aid only. " 0'' Laser; " X " Cross-wire. 
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Figure 28 . Normal turbulence intensity profiles, f l / U a  vs y,:S for 
flow D with roughness element. Note the displaced ordinate. Solid 
lines are for visual aid onli. ” 0 ” Laser; ” X ” Cross-wire. 
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Figure 29 . Reynolds shear stress profiles, -uViUf ,  for flow C 
without roughness element. Note the displaced ordinate. Solid lines 
are for visual aid only. ”0” Laser; ” X ” Cross-wire. 
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Figure 21 . Distribution of shear stress correlation co-efficient, 
-uV/utr vs y/S (from cross-wire measurement) for flow C without 
roughness element in unseparated region. ” + “ 2.20m; ” X ” 2.85m. 
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Figure 22 . Distribution of shear stress correlation co-efficient, 
-uViuV vs y/S (from cross-wire measurement) for flow D with 
roughness element in unseparated region. " + " 2.20m; " X '' 2.55m; 
" 0 " 3.20m. 
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Figure 23 . Distribution of shear stress correlation co-efficient, 
-iE/'zAfvs y/6 for flow C without roughness Solid symbols for laser 
and open symbols for cross-wire data. " 0 " 3.45m; "0  " 3.96m; " 
a " 4.47m; "g" 4.8Sm; " (b " 5.77m. 
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Figure 24 . Distribution of shear stress correlation co-efficient, 
-iE/ut'vs y/S for flow D with rougliness element downstream of 
intermittent detachment (ID). Solid symbols for laser and open 
symbols for cross-wire data. " o " 3.45m; ''0" 3.96m; ''ea'' 4.47m. 
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Figure 25 . Normalized u'power spectral distribution from single 
wire measurements at  throat (X = 1.63m) for flow C without 
roughness element. Solid line represents equation 11. 
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Figrive 26 . Normalized u'power spectral distribution from single 
wire measurements at  throat (X = 1.63111) for flow D with 
roughness element. Solid line represents equation 1 1 .  
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Figure 27. Normalized I(' power spectral distribution at  X = 2.85m 
(between throat and intermittent backflolv region) for flow C 
without roughness element. Solid line represents equation 1 1  and 
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(between throat and intermittent backflow region) for flow D with 
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Figure 30 . Normalized u' power spectral distribution at X = 3.5m 
(in the intermittent backflow region) for flow D with roughness 
element. Solid line represents equation 12. 
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Figure 31 . Normalized u'power spectral distribution from single 
wire measurements at throat (X = 1.63m) for flow C without 
roughness element. Solid line represents equation ( 1  4). 
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Figure 33 . Normalized u' power spectral distribution at X = 
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Figure 35 . Normalized u' power spectral distribution at X = 
2.85m (between throat and intermittent backflow region) for flow 
C without roughness element. Solid lines represcnts equation (14) 
and (15). 
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Figure 3 6 .  Normalized u'power spcctral distribution at X = 
2.85m (between throat and intermittent backflow region) for flow 
D with roughness element. Solid lines represents equation (14) and 
( 1  5) .  
e 
74 
0 
0 
a 
I 
:o 
yib 
A 0 .1945  
B 9.3890 
-1 
:0 
1 4 
:0 :0 
Figure 37. Normalized u’power spectral distribution at X = 
3.46m (at the viscinity of intermittent backflow region) for flow C 
without roughness element. Solid line represents equation (1 5) .  
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Figure 38 Normalized u' power spectral distribution at X = 
3.46m (at the viscinity of intermittent backflow region) for flow D 
with roughness element. Solid line represcnts equation ( I  5 ) .  
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Figure 3 9 .  Normalized u’power spectral distribution at  X = 
5.4m (downstream of reattachment) for flow C without roughness 
element. Solid line represents equation (1  5 ) .  
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Figure 40.  Normalized u'power spectral distribution at X = 
3.96m (in the intermittent backflow region) for flow D with 
roughness element. Solid line represents equation ( 1  5).  
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Figure 41 . Comparision of normalized u'power spectra distribution 
with other studies. Solid line represents equation ( 1  5 ) .  
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Figure 42 . Flatness factor, F, for flow C without roughness 
element. " 0 " 3.45m; " + " 3.96m; " *" 4.47m; " 0 "  4.SSm; " X " 
5.77m. 
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Figitre 43 Flatness factor, Fu for flow D with roughness element. 
" a " 3.20m; " + " 3.45m; " * " 3.96m: " 0 " 4.47111. 
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Figure 44 . Flatness factor, F, for flow C without roughness 
element. " 0 " 3.45m; " + " 3.96m; " * " 4.47m; " 0" 4.8Sm; " X " 
c 77- 
J . 1  1111. 
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Figure 45 . Flatness factor, F, for flow D with roughness element. 
6 " 3.20m; " + " 3.45m; " * "  3.96m; " 0 " 4.47m. 
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Figure 46 . Skewness factor, S, for flow C without roughness 
element downstream of intermittent detachment. " 0 " 3.45m; " + 
'I 3.96m; I' * '' 447m; ' I  0" 4.SSm; " X ' I  5.77m. 
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Figure 48 . Higher order fluctuating velocity component v3/ U?+ vs. 
yj6 for flow C without roughness element. Solid lines are for visual 
aid only. " " 3.45m; " + " 3.96m; "* " 4.47m; "0  " 4.8Sm; " x " 
5.77m. 
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Figure 4 9 .  Higher order fluctuating velocity component ?/ U& vs. 
y/6 for flow D with roughness element. Solid lines are for visual aid 
only. " 0 '' 3.20m; " + " 3.45m; " * " 3.96m; " 0 " 4.47m. 
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Figure 50 . Triple product -u2v+uv2 vs. y j6 for flow C without 
roughness element. Solid lines are for visual aid only. " 0 I' 3.351-11; 
" + " 3.96m; " * " 4.47m; I' 0" 4.88m; 'I X " 5.77m. 
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Figure 51 . Triple product -u2v+uv2 v s  y.lS for flow D with 
roughness element. Solid lines are for visual aid only. " a " 3.20m; 
+ " 3.45m; " * " 3.96m; " 0 " 4.47m. 
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APPENDIX I 
Laser Anemometer Data X = 136in. or 3.46m Flow C 
0.0250 
0.0300 
0.0350 
0.0400 
0.0500 
0.0600 
0.0750 
0.1000 
0. I300 
0.1650 
0.2 100 
0.2700 
0.3500 
0.4500 
0.5600 
0.7000 
0.9000 
1.2000 
1.6000 
2.1000 
2.7000 
3.5000 
4.5000 
1.9390 
2.0900 
2.2980 
2.2870 
2.4780 
2.6100 
2.8 190 
2.9500 
3.2260 
3.3660 
3.5670 
3.8630 
4.0830 
4.2910 
4.6680 
5.0350 
5.5300 
6.4500 
7.6550 
9.3560 
1 1.4000 
14.4000 
17.5500 
0.8970 
0.9030 
0.9290 
0.9360 
0.9256 
0.9383 
0.9409 
0.9500 
0.9568 
0.9710 
0.9750 
0.9780 
0.9795 
0.9836 
0.9900 
0.9936 
0.9930 
0.9990 
0.999 1 
1.0000 
1 .oooo 
1 .oooo 
1 .moo 
2.8000 
2.8490 
3.0350 
3.2940 
3.4060 
3.3630 
3.6910 
3.7050 
3.8610 
3.5000 
3.8850 
4.2990 
4.2140 
4.4790 
4.7010 
4.9040 
5.3850 
5.6320 
6.3 100 
6.5470 
6.2880 
6.0480 
6.0230 
Laser Anemometer Data 
0.0100 
0.0 150 
0.0200 
0.0250 
0.0300 
0.0400 
0.0500 
0.0600 
0.0750 
0.1000 
0.1300 
0.1650 
0.2100 
0.2700 
0.3500 
0.4550 
0.5600 
0.7000 
0.9000 
1.2000 
1.6000 
2.1000 
2.7000 
3.5000 
4.5000 
5.5000 
6.5000 
-0.01 17 
-0.1480 
-0.1869 
-0.1731 
-0.2098 
-0.2147 
-0.1803 
-0.3113 
-0.3255 
-0.2628 
-0.3000 
-0.3533 
-0.3249 
-0.3533 
-0.1815 
-0.0248 
-0.0930 
0.6 170 
0.6550 
1.1390 
1.7690 
3.1870 
4.6210 
6.6080 
9.3930 
12.1700 
14.9 100 
0.3367 
0.3594 
0.3760 
0.41 50 
0.4190 
0.4413 
0.4260 
0.4250 
0.4438 
0.4533 
0.4390 
0.4280 
0.4280 
0.4250 
0.4500 
0.4600 
0.4702 
0.4887 
0.5887 
0.6456 
0.7354 
0.8687 
0.9333 
0.9857 
0.9973 
0.999 1 
1 .oooo 
0.1771 
0.2721 
0.4900 
1.2900 
1.7070 
2.2100 
2.6940 
3.4820 
3.4290 
3.7050 
4.0780 
4.3000 
4.1700 
4.3000 
4.6960 
5.2450 
4.9870 
5.5330 
6.0070 
6.3710 
7.2400 
8.0330 
8.7920 
9.0580 
9.2490 
7.8620 
5.7350 
1.8910 23.0900 
1.6200 27.3400 
1.5220 30.4400 
1.5960 30.6900 
1.2420 36.2200 
2.0580 34.8100 
1.7460 41.3800 
1.7830 42.2900 
1.2940 45.1600 
1.2360 35.7100 
1.6250 45.3900 
1 A900 54.7 100 
0.9087 52.5900 
2.0050 57.0000 
2.1040 62.0300 
2.5830 72.5500 
1.6900 83.1500 
1.7810 86.4100 
0.3770 114.3000 
-0.5351 123.1000 
0.0182 89.9600 
-1.8840 116.0500 
-5.8730 76.0500 
1.7300 
1.8460 
2.1520 
1.6150 
1.5500 
1.9690 
2.2280 
2.5360 
2.8970 
2.7740 
2.4360 
2.7210 
2.8660 
8.01 io 
X = 156in. 
0.0058 0.1 160 
-0.0275 0.3161 
-0.0359 0.5989 
-0.0590 4.8050 
-0.1323 10.7900 
-0.1546 12.3000 
0.5182 30.0100 
0.21 53 38.9000 
0.7879 32.2900 
-0.2222 49.5700 
1.0960 60.1700 
0.7892 48.2400 
0.6430 54. I900 
0.4282 54.2400 
0.9974 58.2600 
0.5984 75.9500 
2.7970 82.8200 
1.6150 92.6100 
4.5800 142.8000 
2.7500 148.1000 
2.3160 161.4000 
2.1250 210.4000 
-0.7377 221.9000, 
-1.9690 234.2000 
-5.4520 264.6000 
-7.7090 188.2000 
-8.3420 117.3000 
0.1299 
0.2276 
0.4846 
0.3754 
0.7220 
0.8590 
1.0760 
1.3980 
1.7870 
2.4240 
2.2780 
2.8860 
2.9830 
2.9130 
3.0910 
3.1390 
3.0150 
2.9 190 
0.7414 
0.8824 
0.9920 
0.860 1 
1.3255 
1.3330 
0.8280 
1.0320 
0.9504 
1.0360 
0.8762 
-0.1337 
0.3 139 
0.3206 
or 
0.0183 
0.0393 
0.0802 
0.1020 
0.1873 
0.3786 
0.4117 
0.9091 
1.1390 
1.5758 
1.2440 
1 .OS20 
1.0300 
0.9570 
0.0777 
0.01 16 
1.4000 
1 .oooo 
9.5800 
12.2300 
14.1400 
10.9700 
6.7 180 
13.2030 
15.9100 
19.2600 
28.9300 
27.3700 
25.3100 
26.9200 
28.5100 
8 1.6800 
3.2820 
3.7520 
4.0240 
4.5000 
4.8490 
5.2900 
5.7330 
6.0980 
5.9140 
3.1900 
1.2450 30.2800 
1.3590 40.3000 
1.0040 5 1.6700 
0.1914 60.1000 
1.1820 71.6500 
-0.4563 82.1700 
4.8280 75.6900 
2.5830 72.5500 
-1.6390 80.2900 
-5.3520 53.4500 
3.96m Flow C 
0.0801 
0.6105 
0.8393 
0.7208 
2.2090 
2.8950 
3.8250 
7.1900 
14.5400 
19.9200 
20.6500 
34.5900 
36.1 100 
33.4100 
37.9700 
37.1300 
40.4 100 
33.1200 
3.1510 
3.5270 
3.7050 
4.3680 
0.0000 
5.2370 
6.2500 
6.9940 
7.5540 
8.1960 
7.2320 
5.4170 
6.8880 
1.0340 30.1300 
0.3943 32.7300 
1.6230 42.0800 
1.4410 61.4700 
1.2200 37.4800 
3.1590 80.8 100 
2.6150 106.7000 
1.6980 125.6000 
0.1975 129.3000 
-0.4200 1 5a.oooo 
-5.4520 152.4000 
-6.6890 115.7000 
12.3800 147.9000 
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Laser Anemometer Data X = 176in. or 4.47m Flow C 
0.0100 -0.3260 
0.01 50 -0.7040 
0.0200 -0.8600 
0.0250 -1.0160 
0.0300 -1.1500 
0.0400 -1.3510 
0.0500 -1.5630 
0.0600 -1.59 10 
0.0750 -1.7650 
0.1000 -1.9160 
0.1300 -1.8450 
0.1650 -1.9600 
0.2100 -1.9510 
0.2700 -1.9960 
0.3600 -1.9050 
0.4600 -1.8630 
0.5700 -2.0260 
0.7000 -1.8580 
0.9000 -1.6840 
1.2000 -1.5540 
1.6000 -1.1980 
2.1 150 -0.4914 
2.7000 0.0676 
3.5000 1.0290 
4.5000 2.9930 
5.5000 5.0810 
7.0000 8.1660 
8.5000 11.5400 
0.1400 
0.1800 
0.1785 
0.1904 
0.1726 
0.1700 
0.1818 
0.1679 
0.1638 
0.1446 
0.1690 
0.1554 
0.1620 
0.1600 
0.1672 
0.1780 
0.1772 
0.1831 
0.2143 
0.2386 
0.3050 
0.3993 
0.4960 
0.6104 
0.8074 
0.9280 
0.9886 
0.9989 
0.2520 -0.1772 0.7065 
0.7780 -0.2378 2.6610 
1.0760 -0.3425 4.3250 
1.4790 -0.5660 7.6720 
1.6350 -0.3597 8.4240 
2.1430 -0.2817 13.9200 
2.8640 -0.3272 26.9600 
3.0530 0.3447 3 1.4600 
3.3740 0.9602 36.1800 0.2548 0.0286 0.3526 
3.6950 0.9974 40.6100 0.3093 0.0026 0.4314 
3.8430 0.9359 44.0100 0.3473 0.0400 0.5235 
3.8280 1.6990 49.9400 0.4723 0.0318 0.9899 
3.8060 0.8971 43.7100 0.4533 0.0574 0.7466 
3.8890 1.7540 45.6400 0.6417 0.0806 1.7700 
3.9470 1.8090 45.8800 0.8010 0.1863 2.8090 
4.2950 2.5550 63.0000 1.0240 0.2737 3.9690 2.6860 1.3450 23.2600 
4.0330 2.5760 51.8800 1.2500 0.5338 3.5240 2.7290 1.9230 27.5200 
4.2670 2.8970 54.0800 1.3520 0.5237 6.2700 2.7860 1.9880 24.8200 
4.6760 2.5830 62.9700 1.7300 0.8056 10.5800 3.0940 1.8430 29.2000 
4.9090 3.2390 71.1700 2.1970 1.1190 18.4400 3.7650 3.7920 45.4100 
5.8270 3.9610 94.8800 2.5870 1.2970 23.2400 4.7610 4.2970 68.0100 
6.7910 5.4140 127.4000 3.0880 1.7610 32.2400 5.7590 4.7410 90.5800 
7.8000 7.3800 244.7000 3.5560 1.7820 41.9700 6.8050 6.7850 130.6000 
9.2700 6.5560 271.7000 3.8560 1.9420 45.1400 8.0440 5.9710 179.9000 
10.4800 0.6880 305.5000 4.2270 1.21 IO 55.7100 9.2270 3.1610 244.0000 
11.17OO -1.6440 342.3000 4.5500 0.4932 69.2500 9.8200 0.2060 261.4000 
11.6100 -7.6920 399.2000 4.7840 -0.1 155 71.8100 9.7970 -6.8900 264.1000 
10.6000 -13.9900 352.9000 4.5390 -0.2204 82.9700 8.2630 -1 2.4900 219.9000 
Laser Anemometer Data X = 196in. or 4.88m Flow C 
0.0 150 
0.0200 
0.0250 
0.0300 
0.0400 
0.0500 
0.0600 
0.0750 
0.1000 
0.1300 
0.1660 
0.2100 
0.2700 
0.3550 
0.4400 
0.5750 
0.7500 
0.9500 
1.2000 
1.6000 
2.1000 
2.7500 
3.5000 
4.5000 
5.5000 
7.0000 
8.5000 
-0.4657 
-1.0470 
-1.2390 
-1.4320 
-1.7830 
-1.8770 
-1.9330 
-2.0360 
-2.1230 
-2.1760 
-2.2980 
-2.3040 
-2.1970 
-2.2530 
-2.2460 
-2.1120 
-1.6970 
-1.9860 
-1.8680 
-1.6680 
-1.1 560 
-0.5450 
0.4410 
1.9240 
3.5020 
5.6690 
8.8290 
0.2940 
0.1360 
0.1370 
0.1369 
0.1 180 
0.1060 
0.1240 
0.1 I60 
0.1080 
0.1070 
0.1097 
0.0980 
0.1284 
0.1200 
0.1177 
0.1600 
0.1501 
0.1514 
0.1700 
0.1970 
0.2700 
0.3730 
0.4963 
0.6790 
0.8260 
0.9351 
0.9844 
0.4860 
1 .OS50 
1.3480 
I .6500 
2.3 180 
2.5270 
2.6450 
3.0070 
3.0880 
3.1500 
3.3220 
3.0900 
3.7220 
3.8280 
3.8690 
4.0190 
4.1210 
4.2990 
4.3230 
-0.3135 
-0.42 12 
-0.0921 
-0.081 5 
0.1 522 
0.4391 
0.9241 
1.7050 
I .4950 
2.21 30 
1.9940 
3.0230 
4.0950 
4.7750 
4.2480 
4.9060 
5.1410 
5.4570 
4.9000 
0.9342 
4.3 190 
6.2420 
8.1850 
16.9 100 
22.3800 
23.3700 
32.7500 
32.4600 
3 5.41 00 
36.3700 
37.4100 
49.4200 
55.9500 
53.6600 
62.5400 
59.8200 
65.1800 
6 1.7100 
0.3436 
0.4490 
0.5645 
0.6560 
0.8880 
0.9400 
1 A290 
1.8030 
2.2720 
2.4650 
0.061 1 
0.05 15 
0.0279 
0.1354 
0.2082 
0.2 158 
0.5407 
1.2380 
1 A980 
1.9450 
0.5789 
0.7835 
1 A787 
1 .io20 
2.8750 
3.6390 
6.7240 
13.5600 
19.4300 
20.6500 
4.6110 5.1660 71.6700 2.6120 2.4870 23.3000 
5.9760 9.1780 115.6000 2.9910 2.0870 29.7500 
7.2840 9.3780 149.6000 3.4300 1.8830 35.4300 
8.8250 12.1400 213.8000 4.0370 2.3720 51.7500 
11.1700 12.5800 508.0000 5.0220 2.1960 75.1900 
12.0800 1 1.6200 414.6000 6.1270 1.9230 109.6000 
13.5200 -2.4410 509.3000 5.6020 0.7081 94.9100 
14.4900 -1 1.5300 558.7000 5.7640 1.9380 87.2200 
2270 0, 
a030 1. 
2.5560 
2.88 10 
3.5330 
4.0880 
4.9680 
5.5930 
6.3020 
7.3280 
100 1 
io0 2 
1700 
2400 
1.2980 22.1 100 
1.9890 28.0400 
2.0650 37.9900 
2.9570 50.1700 
2.0400 66.9 100 
1.3030 88.3200 
1.7130 110.9000 
-1.9780 121.0000 
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Laser Anemometer Data X = 227in. or 5.77m Flow C 
0.0150 
0.0200 
0.0250 
0.0300 
0.0350 
0.0400 
0.0500 
0.0600 
0.0750 
0.1020 
0.1300 
0.1660 
0.2100 
0.2700 
0.3600 
0.4650 
0.5750 
0.7000 
0.9000 
1.2000 
1.6000 
2.1000 
2.7000 
3.5000 
4.5000 
5.5000 
7.0000 
8.5000 
1 .OS60 
1.3890 
1.4600 
1.6280 
1.7720 
1.8590 
2.0570 
2.3370 
2.3360 
2.5700 
2.5900 
2.7760 
2.7460 
2.9520 
3.0770 
3.0750 
3.1510 
3.2520 
3.3660 
3.4420 
3.7620 
3.9990 
4.2700 
4.6970 
5.5990 
6.6240 
8.6730 
10.5800 
0.8855 
0.8844 
0.9048 
0.8978 
0.8920 
0.8900 
0.9197 
0.9275 
0.9290 
0.9390 
0.933 1 
0.9450 
0.9448 
0.9610 
0.961 1 
0.9660 
0.9630 
0.9670 
0.9780 
0.9750 
0.9730 
0.9798 
0.9790 
0.9789 
0.9860 
0.9940 
0.9985 
0.9998 
0.9639 
1.4980 
1.4440 
2.1350 
2.5080 
2.6850 
2.6070 
2.9450 
3.0680 
3.3490 
3.2480 
3.5610 
3.2140 
3.3280 
3.3840 
3.2650 
3.5660 
3.7240 
3.4440 
3.7560 
4.2760 
4.4520 
5.2210 
6.5500 
7.3210 
8.0050 
8.8090 
8.0960 
0.6316 3.0520 
0.6628 6.7560 
0.8524 6.2700 
1.6370 17.2300 
1 A860 24.1600 
1.9910 27.0900 
1.0260 23.0300 
1.6390 28.1600 
1.9750 23.3500 
2.2190 37.0100 
1.5690 37.6700 
2.7250 47.2700 
1.9850 36.1600 
2.2100 38.1900 
1.7430 35.8300 
2.4100 36.3000 
2.5720 42.2300 
2.8160 45.2500 
2.4950 37.6300 
2.1700 44.4000 
2.7370 59.0300 
2.6900 6 1.4600 
2.9010 75.3300 
5.8930 138.4000 
2.6530 145.9000 
2.8590 175.2000 
0.01 1 1  235.7000 
-6.0600 186.6000 
0.2664 
0.3507 
0.4396 
0.6 I20 
0.6100 
0.7 160 
0.8010 
1.2640 
1.3510 
1.4300 
2.1170 
2.5520 
3.1970 
3.6120 
4.3210 
4.7340 
5.2890 
5.2580 
5.6950 
5.5860 
5.0680 
0.0365 0.3436 
0.0411 0.6274 
0.1 162 0.8798 
0.1812 1.7300 
0.1077 1.3580 
0.1904 2.0990 
0.2414 2.2050 
0.3679 4.2890 2.4230 1.2210 18.9800 
0.3698 4.9600 2.7270 1 S590 23.6300 
0.5255 6.1050 2.9050 1.4260 25.6700 
1.4380 16.7700 3.2100 1.7800 29.8400 
1.8080 24.2700 3.4820 2.3760 39.3900 
2.7720 42.1400 4.0430 2.1880 48.0500 
0.5847 32.8900 4.6680 3.1990 62.4400 
1.7260 52.9200 5.6710 4.0330 97.4400 
1.9480 72.5100 6.6520 3.7980 119.8000 
1.2830 76.9800 8.0960 7.0100 181.4000 
0.7216 98.6400 8.7150 2.8490 194.3000 
-0.9032 91.4300 9.6450 2.0640 239.9000 
-2.4190 105.1000 10.0300 -5.5070 273.2000 
-3.8980 85.4700 9.0750 -1.0780 250.7000 
e 
a 
92 
a 
e 
e 
0 
0 
Laser Anemometer Data X = 126in. or 3.20m Flow D 
0.0310 
0.0400 
0.0530 
0.0600 
0.0750 
0.1000 
0.1000 
0.1300 
0.1660 
0.1660 
0.2150 
0.2800 
0.2800 
0.3600 
0.4670 
0.4670 
0.6000 
0.7750 
0.7750 
1 .oooo 
1.3050 
1.3050 
1.7000 
2.1500 
2.1500 
2.7000 
2.7000 
3.6000 
3.6000 
4.6000 
4.6000 
5.5000 
2.7780 
3.0740 
3.2300 
3.3820 
3.5120 
3.7960 
3.7960 
3.8760 
4.0420 
4.0420 
4.2820 
4.4680 
4.4680 
4.7600 
5.1780 
5.1780 
5.5620 
6.0740 
6.0740 
6.7730 
7.7250 
7.7250 
8.9060 
10.2300 
10.2300 
11.0100 
11.0100 
12.6600 
12.6600 
13.5600 
13.5600 
13.9200 
1.7291 
1.9430 
2.0090 
2.0030 
2.0980 
2.1980 
2.1980 
2.3760 
2.3200 
2.3200 
2.5210 
2.6800 
2.6800 
2.7940 
3.0900 
3.0900 
3.2890 
3.4960 
3.4960 
3.5940 
3.9050 
3.9050 
3.7830 
3.5090 
3.5090 
2.9340 
2.9340 
1.7130 
1.7130 
I .6660 
1.6660 
1.5260 
0.7821 9.0000 
1.0610 11.7000 
1.0420 12.4700 
0.9017 12.2800 
0.9076 13.5700 
0.8325 14.5300 
0.8325 14.5300 
1.1 100 16.9200 
0.9921 15.9700 
0.9921 15.9700 
1.1500 18.9700 
1.1260 21.3200 
1.1260 21.3200 
1.27 10 23.2400 
1.1830 27.6400 
1.1830 27.6400 
1.2510 31.0700 
1.2660 34.9200 
1.2660 34.9200 
0.5521 36.1400 
-0.1176 40.8500 
-0.1176 40.8500 
-1.1240 40.2600 
-2.0910 36.0900 
-2.0910 36.0900 
-1.7560 30.2700 
-1.7560 30.2700 
-0.5285 14.7000 
-0.5285 14.7000 
2.96 IO 78.2500 
2.96 10 78.2500 
1.9680 65.8000 
0.0398 0.0021 
0.0755 0.0044 
0.1916 0.0244 
0.2373 0.0208 
0.2905 0.0364 
0.3590 0.0478 
0.3590 0.0478 
0.41 79 0.0627 
0.4885 0.0808 
0.4885 0.0808 
0.5815 0.1228 
0.6616 0.1230 
0.66 I6 0.1230 
0.7604 0.1342 
0.8645 0.0819 
0.8645 0.0819 
0.9855 0.1483 
1.0460 0.0765 
1.0460 0.0765 
1.0110 0.1283 
1.1680 0.1806 
1.1680 0.1806 
1. I230 -0.0253 
1.1910 0.0759 
1.1910 0.0759 
0.9032 -0.70 12 
0.9032 -0.7012 
0.5754 -0.2899 
0.5754 -0.2899 
0.6361 -0.1048 
0.2174 0.0945 
0.6361 -0.1048 
Laser Anemometer Data X = 136in. 
0.0120 
0.0150 
0.0200 
0.0300 
0.0390 
0.0500 
0.0600 
0.0750 
0.1000 
0.1300 
0.1650 
0.2 150 
0.2150 
0.2800 
0.3600 
0.4650 
0.6000 
0.6000 
0.7750 
1 .oooo 
1 .oooo 
1.3000 
1.7000 
1.7000 
2.1500 
2.8000 
2.8000 
3.6000 
4.6500 
6.0000 
0.8750 
0.7730 
0.7700 
0.8520 
1.2530 
1.2670 
1.3420 
1.3 540 
1.4690 
1 S970 
1.6080 
1 A240 
1 A240 
1.9380 
1.9390 
2.1770 
2.5900 
2.5900 
2.8870 
3.1380 
3.1380 
3.8150 
4.4970 
4.4970 
5.4630 
6.9680 
6.9680 
8.4290 
10.5500 
12.8300 
0.9100 
0.7710 
0.9430 
1.2320 
1.4960 
1.7030 
1 A700 
1.9190 
2.0930 
2.08 10 
2.1 180 
2.1380 
2.1380 
2.2 100 
2.2980 
2.5380 
2.5370 
2.5370 
2.7390 
2.2320 
2.2320 
3.1740 
3.6840 
3.6840 
3.6300 
4.01 10 
4.01 10 
4.4140 
3.0950 
3.3620 
0.2953 2.5410 
0.2526 2.6680 
0.2852 2.6540 
0.1872 4.8720 
0.5519 8.3100 
0.4949 9.3340 
0.2364 10.0100 
0.5906 11.4400 
0.341 1 14.0900 
0.3710 12.8700 
-0.0428 12.8900 
-0.0597 13.7000 
-0.0597 13.7000 
0.3375 14.3300 
0.4016 15.6800 
0.1306 19.9700 
0.4590 19.9300 
0.4590 19.9300 
0.6739 22.6200 
0.6535 23.6600 
0.6535 23.6600 
0.8193 29.7100 
0.4875 40.7500 
0.4875 40.7500 
-0.7409 35.5500 
-0.8069 44.6500 
-0.8069 44.6500 
-1.6390 41.0400 
-2.3850 34.1700 
-1.7060 51.1700 
0.0189 
0.0229 
0.0343 
0.0510 
0.0856 
0.1 160 
0.1470 
0.1630 
0.2 166 
0.2580 
0.3110 
0.3640 
0.3640 
0.5170 
0.5422 
0.6910 
0.7550 
0.7550 
1.0740 
1.2120 
1.2120 
1.3100 
1.3870 
1.3870 
1.5350 
1.5060 
1.5060 
1.3080 
1.1150 
0.8210 
0.0005 
0.0005 
0.00 18 
0.0001 
0.0121 
0.0 178 
0.0162 
0.0074 
0.03 17 
0.0493 
0.0509 
0.0109 
0.0 109 
0.1159 
0.069 1 
0.1 173 
0.1537 
0.1537 
0.2166 
0.1816 
0.1816 
0.1138 
0.2171 
0.2171 
0.8232 
-0.1 572 
-0.1572 
-0.0488 
-0.1016 
-0.2830 
0.0054 
0.0202 
0.1200 
0.2266 
0.4018 
0.5881 0.2430 0.3631 6.8400 
0.5881 
0.6929 
0.9079 0.2580 0.5607 8.8450 
0.9079 
1.3690 
1.5690 0.4040 0.5776 13.1800 
1.5690 
2.0890 
2.5360 0.4990 0.9204 17.7000 
2.5360 
3.1 150 
3.5780 0.5200 0.4883 21.6000 
3.5780 
4.3300 
4.4380 0.6230 -0.1 176 40.8500 
4.4380 
4.8380 
4.5730 0.4190 4.8490 84.1600 
4.5730 
3.4740 
4.8500 
11.1300 
1 1.3500 0.0340 -0.4054 1 1.0200 
3.4740 0.4660 -1.9550 21.5700 
4.8500 0.2770 -1.9890 22.3200 
11.1300 0.2080 -0.8475 13.1600 
or 3.46m Flow D 
0.0002 
0.00 17 
0.0044 
0.0072 
0.0305 
0.0594 
0.0871 
0.99 12 
0.1739 
0.2648 
0.3558 
0.4425 0.2680 0.5319 15.8200 
0.4425 
1.0320 
1.0350 
1.5860 
1.7350 0.4050 0.3062 12.3000 
1.7350 
4.0290 
5.1360 0.3700 0.4869 19.4200 
5.1360 
5.3920 
6.3 140 0.5580 0.7036 27.2200 
6.3140 
5.7460 
7.1480 
6.5280 
7.1480 0.5740 -0.8069 29.7900 
4.3520 
1.5640 0.1810 -0.4869 33.0900 
93 
a 
Laser Anemometer Data X = 156in. or 3.96m Flow D 
0.0400 
0.1650 
0.2150 
0.2800 
0.3600 
0.4680 
0.4680 
0.60 15 
0.601 5 
0.7760 
0.7760 
1 .oooo 
1.3000 
1.3000 
1.7000 
1.7000 
2.1500 
2.1 500 
2.8000 
2.8000 
3.6000 
3.6000 
4.6500 
4.6500 
5.6650 
-0.2056 
-0.2587 
-0.2871 
-0.2115 
-0.2299 
-0.1340 
-0.1340 
-0.1213 
-0.1213 
-0.003 1 
-0.0031 
0.1115 
0.4250 
0.4250 
0.8620 
0.8620 
1.3760 
1.3760 
2.2460 
2.2460 
3.2260 
3.2260 
5.1690 
5.1690 
6.9570 
1.1350 
1.51 10 
1.6860 
1.7080 
1.6830 
2.0340 
2.0340 
2.1090 
2.1090 
2.2850 
2.2850 
2.5820 
2.8850 
2.8850 
3.0600 
3.0600 
3.5000 
3.5000 
4.1780 
4.1780 
4.9830 
4.9830 
5.1990 
5.1990 
4.9860 
0.1496 
0.3 184 
0.4888 
0.2419 
0.4825 
0.4594 
0.4594 
0.7094 
0.7094 
0.8620 
0.8620 
1.1980 
1.1430 
1.1430 
1.5810 
1.5810 
1.7590 
1.7590 
1.5720 
1 S720 
1.0230 
1.0230 
-1.1770 
-1.1770 
-2.3260 
Laser Anemometer Data 
0.0145 -0.1926 
0.0200 -0.4056 
0.0250 -0.5867 
0.0300 -0.6791 
0.0350 -0.8051 
0.0400 -0.9245 
0.0500 -0.8807 
0.0600 -0.9953 
0.0750 -1.1320 
0.1000 -1.2050 
0.1300 -1.2690 
0.1650 -1.3250 
0.2100 -1.3790 
0.2750 -1.4190 
0.3600 -1.5010 
0.4600 -1 4 2 0  
0.5750 -1.4960 
0.7000 -1.5020 
0.9000 -1.5690 
1.2000 -1.4090 
1.6000 -1.3110 
2.1000 -1.0110 
2.7000 -0.6090 
3.5000 -0.1652 
4.5000 0.5846 
5.5000 1.6020 
7.0000 3.0900 
8.5000 4.7300 
0.2777 
0.1689 
0.1439 
0.1549 
0.1447 
0.1325 
0.1377 
0.1374 
0.1201 
0.1226 
0.1297 
0.1 179 
0.1034 
0.1087 
0.1 131 
0.1213 
0.1 137 
0.1330 
0.1250 
0.1543 
0.1903 
0.2414 
0.3416 
0.4396 
0.5990 
0.7545 
0.9017 
0.9737 
0.3028 
0.2880 
0.4396 
0.6952 
0.7600 
0.8666 
0.9443 
1 .W60 
1.1420 
1.1710 
1.2450 
1.3470 
1.2710 
1.3730 
1.3850 
1.4270 
1 .s500 
1.7170 
1 .&a00 
1.9620 
2.1990 
2.4310 
2.9070 
3.4570 
4.07 10 
4.7640 
5.4390 
5.3930 
5.6020 
6.9870 
8.9490 
9.0280 
8.4020 
11.6100 
11.6100 
1 1.7800 
1 1.7800 
12.4700 
12.4700 
23.1800 
26.9300 
26.9300 
28.4300 
28.4300 
39.9700 
39.9700 
5 1.5700 
5 1 S700 
7 1.2700 
7 1.2700 
8 1 M O O  
81.0400 
70.3300 
0.0682 
0.2653 
0.2822 
0.3527 
0.4580 
0.4440 
0.4440 
0.5212 
0.5212 
0.6434 
0.6434 
0.7227 
0.9994 
0.9994 
1.1310 
1.1310 
1.2270 
1.2270 
1.3650 
1.3650 
1 .W30 
1 .Sa30 
1 .%SO 
1.5080 
1 .W70 
0.0060 
0.0443 
0.0361 
0.0535 
0.0642 
0.1425 
0.1425 
0.1408 
0.1408 
0.21 10 
0.21 10 
0.2369 
0.1956 
0.1956 
0.01 14 
0.01 14 
0.4427 
0.4427 
0.2846 
0.2846 
0.0253 
0.0253 
-0.0380 
-0.0380 
-0.1218 
-0.01 53 
4.0105 
-0.0302 
-0.0145 
-0.0467 
-0.0455 
-0.0244 
-0.0405 
-0.1103 
0.0648 
0.2779 
0.1829 
0.1 563 
0.3987 
0.4978 
0.5444 
0.4821 
0.8008 
0.6719 
0.9227 
1.6320 
1.2830 
1.8070 
1.8730 
1.8310 
1.1960 
0.3260 
-1.4320 
X = 176in. 
0.0 189 
0.2467 
0.3130 
0.3985 
0.6573 
0.9234 
0.9234 
1.2530 
1.2530 
1.8020 
1 .SO20 
2.2870 
4.2100 
4.2 100 
5.1000 
5.1000 
7.6900 
7.6900 
8.6940 
8.6940 
12.8 100 
12.8 100 
1 1.6500 
11.6500 
12.0000 
or 
0.2463 
0.3 126 
0.6878 
1.2445 
2.1410 
2.8000 
3.5800 
4.1390 
4.6730 
4.5570 
4.7030 
5.5400 
4.5910 
5.4140 
5.7890 
6.3860 
6.5740 
9.4650 
1 1.3400 
13.0000 
15.5300 
12.1 100 
27.3900 
3 5.0900 
45.4700 
6 1.0300 
8 1.0600 
81.1100 
0.0030 -0.0001 
0.0050 -0.0001 
0.0062 0.0000 
0.0135 0.0000 
0.0177 0.0002 
0.0226 0.0001 
0.0394 0.0002 
0.0499 0.0001 
0.0480 -0.0010 
0.0703 0.0020 
0.1771 0.0081 
0.1219 0.0160 
0.1464 0.0141 
0.1 820 0.0094 
0.1880 0.0 180 
0.2190 0.0387 
0.2760 0.0450 
0.3580 0.0827 
0.4250 0.1 100 
0.5450 0.1803 
0.7650 0.2732 
0.8830 0.2228 
1.0800 0.2256 
1.3010 0.5440 
1.8010 0.5349 
2.2400 0.8930 
2.3530 0.1849 
2.4150 0.0882 
0.1290 
0.0370 
0.2630 
0.1610 
0.3570 
0.5330 
0.5800 
0.6240 
0.7725 
0.5000 
0.9796 
0.3586 
1 .OS90 
4.47m 
1.1540 
1.5130 
1.3280 
1.3730 
0.3447 
-1.3030 
-2.7000 
39.4900 
13.2300 
13.5400 
16.7600 
19.0000 
23.8800 
33.7400 
42.2000 
49.5900 
42.3400 
0.0001 
0.0001 
0.000 1 
0.0002 
0.00 1 1 
0.00 18 
0.0046 
0.0127 
0.0105 
0.0203 
0.0725 
0.0733 
0.0949 
0.1277 
0.1244 
0.1660 
0.2972 
0.4967 
0.5746 
0.9223 
2.2720 
2.9120 
4.1 500 
6.4000 
13.9900 
22.1200 
20.2000 
20.9200 
0.8850 
1.0960 
1.1890 
1.2540 
1.4270 
1.7290 
1.9680 
2.33 10 
2.8590 
3.5860 
4.3660 
4.6900 
4.3990 
Flow D 
0.4054 
0.4583 
0.5936 
0.7073 
0.7712 
1.1700 
1.3680 
1.7130 
1.9250 
1.4500 
1.6870 
0.1671 
-1.2250 
2.93 IO 
4.0430 
5.1790 
6.3230 
5.9840 
10.4400 
18.3800 
16.6700 
22.1400 
32.9600 
45.0700 
52.6200 
46.0500 
94 
a 
X-Wire Anemometer Data X = 87in. or 2.21m Flow C 
0.0500 
0.0600 
0.0750 
0.0900 
0.1350 
0.1600 
0.1900 
0.2250 
0.2650 
0.3 100 
0.3550 
0.4000 
0.4500 
0.5100 
0.5800 
0.6500 
0.7500 
0.8750 
1.0250 
1 .zoo0 
1.4000 
1.7000 
2.0000 
2.5000 
2.9500 
0.1 !OO 
16.0837 
16.6944 
17.2043 
18.0976 
18.66 13 
18.9769 
19.6457 
19.9045 
20.6 142 
21.612 1 
21.5539 
22.1758 
22.6182 
23.7945 
24.7538 
24.6406 
24.6413 
25.7688 
26.7440 
27.8875 
28.5129 
28.7824 
28.9920 
29.1320 
29.2658 
29.4530 
X-Wire Anemometer Data 
4.7556 
4.801 1 
4.7322 
4.9904 
4.9128 
4.8433 
4.94 12 
4.5988 
4.5283 
4.5738 
4.1214 
4.0092 
3.7818 
3.7722 
3.4802 
2.9565 
2.5777 
2.1259 
1.4734 
0.8 163 
0.2522 
0.1229 
0.1 117 
0.2877 
0.3 132 
0.48 12 
0.0550 
0.0650 
0.0800 
0.0950 
0.1 100 
0.1250 
0.1500 
0.1750 
0.2000 
0.2300 
0.2650 
0.3000 
0.3400 
0.3900 
0.4500 
0.5100 
0.6000 
0.7000 
0.8500 
1 .oooo 
1.2000 
1.4000 
1.7000 
2.0000 
2.5000 
2.9300 
3saoo 
9.2619 
9.6703 
9.6508 
9.9934 
10.2751 
10.3192 
10.5023 
10.9319 
11.2128 
1 1.8329 
12.1809 
12.3482 
12.6947 
13.2644 
13.8802 
14.5942 
15.5678 
15.8709 
17.1084 
18.1676 
19.6260 
20.9430 
22.3751 
23.1426 
24.1075 
24.3018 
23.9520 
3.7497 
3.6 180 
3.6022 
3.7728 
3.8197 
3.7846 
3.7531 
3.9240 
4.0248 
4.2579 
4.2277 
4.4 1 26 
4.4257 
4.47 17 
4.6996 
4.7600 
4.8976 
4.5670 
4.36 18 
3.8876 
3.2429 
2.2803 
1.4109 
0.2639 
0.0494 
0.0928 
0.1 156 
1.2013 
1.1738 
1.1775 
1.2659 
I .27 50 
1.2784 
1.3210 
1.3 197 
1.3703 
1.4447 
1.3190 
1.3731 
1.2934 
1.2727 
1.2066 
1.0571 
0.8983 
0.7210 
0.5284 
0.3205 
0.1388 
0.0455 
0.0110 
0.0539 
0.0321 
0.0535 
1.0214 
1.0495 
1 .OS79 
1.1571 
1.1364 
1.1874 
1.2451 
1.1237 
1.1504 
1.1332 
1.0368 
1.0090 
0.9702 
0.9021 
0.8614 
0.7388 
0.6746 
0.5087 
0.3 189 
0.1464 
0.04 19 
0.0232 
0.0204 
0.078 1 
0.0850 
0.1424 
X = 112in. or 2.85m Flow C 
0.6524 
0.6929 
0.7230 
0.8062 
0.8796 
0.8877 
0.9526 
1.0603 
1.1232 
1.2765 
1.3138 
1.3643 
1.4199 
1.4789 
1.6005 
1.6662 
1.7102 
1.6242 
1 S497 
1.3765 
1.1858 
0.9454 
0.5398 
0.1937 
0.0263 
0.0501 
0.0396 
0.4650 
0.4736 
0.5263 
0.5903 
0.6530 
0.6526 
0.6897 
0.7552 
0.76 16 
0.8856 
0.8863 
0.9574 
0.9783 
0.9971 
1.0988 
1.0923 
1.1437 
1.1203 
1.0306 
0.9095 
0.7646 
0.4929 
0.2527 
0.0296 
-0.0000 
0.0175 
0.0036 
95 
e 
0 
e 
X-Wire Anemometer Data X = 136in. or 3.46m Flow C 
Y 
(inch) 
0.2500 
0.5000 
0.7500 
1 .oooo 
1 .5000 
2.0000 
2.5000 
3.0000 
3.5000 
4.0000 
4.5000 
5.0000 
5.5000 
6.0000 
U 
( m l 4  
3.6390 
3.9890 
4.8054 
5.5324 
7.1 179 
8.3606 
10.6967 
12.61 25 
16.3218 
18.4448 
19.2952 
19.7964 
19.3653 
19.2303 
u’z 
( W 2  
2.3004 
2.7009 
3.4155 
4.0742 
5.1086 
5.9457 
6.3334 
5.9 158 
5.5974 
3.9605 
1.4508 
0.2455 
0.1428 
0.0772 
0.4337 
0.6786 
1.0338 
1.2997 
1.7578 
1.9875 
2.2551 
2.2035 
2.1326 
1 S302 
0.7060 
0.2727 
0.1082 
0.0762 
- - uv 
( m / 3 2  
-0.0221 
0.0752 
0.1906 
0.2919 
0.4908 
0.7320 
0.9488 
1.0263 
1.0370 
0.6 152 
0.2450 
0.0483 
0.0429 
0.033 1 
X-Wire Anemometer Data X = 156in. or 3.96m Flow C 
0.5000 2.9838 1.6654 0.3068 
0.7500 3.0836 1.8838 0.3990 
1.0000 3.3447 2.1084 0.5063 
1 .SO00 3.7657 2.6796 0.6796 
2.0000 4.0521 3.1547 0.8538 
2.5000 4.8183 4.2153 1.2119 
2.9800 5.7100 5.5114 1.6063 
3.5000 6.8663 6.7307 2.2238 
4.0000 7.8617 7.8556 2.5785 
4.5000 9.1056 8.1946 2.8939 
5.0000 10.7399 8.7830 3.2224 
5.5000 12.3935 8.6596 3.1842 
6.0000 14.3067 9.0588 3.1613 
7.0000 17.5550 6.2678 2.2287 
8.0000 19.5323 1.6613 0.9794 
9.0000 19.8701 0.2179 0.2757 
10.0000 19.6806 0.1381 0.1291 
11.0000 19.7214 0.2632 0.1871 
12.0000 19.8177 0.0640 0.1258 
13.0000 19.7490 0.0196 0.1636 
-0.0376 
0.0039 
0.0294 
0.0942 
0.1941 
0.3 136 
0.4820 
0.5531 
0.7519 
0.8589 
1.1018 
1.2451 
1.2835 
0.83 1 1 
0.3448 
0.0283 
0.0102 
0.1264 
0.0316 
0.0158 
X-W ire Anemometer Data X = 176in. or 4.47m Flow C 
W 
0 
0.4924 
0.7386 
0.9848 
1.2310 
1.4772 
1.7234 
1.9696 
2.4620 
2.9544 
3.4468 
3.9392 
4.43 16 
4.9240 
5.4164 
5.9088 
6.8937 
7.8785 
8.8633 
9.8481 
10.8329 
11.8177 
12.8025 
13.7873 
15.7569 
3.1604 
3.2446 
3.2671 
3.2479 
3.4544 
3.6660 
3.8518 
4.2487 
4.6218 
5.21 50 
5.6640 
6.1091 
7.2763 
7.7202 
8.6243 
10.1052 
1 1.9285 
13.8725 
15.8858 
17.8637 
18.9086 
19.0509 
19.1932 
19.0986 
1 S206 
1.5930 
1.7563 
1.789 1 
2.1535 
2.3532 
2.6073 
3.2474 
3.8466 
4.8841 
5.4794 
6.2982 
7.4067 
8.0213 
8.9803 
9.58 12 
9.6659 
8.3794 
7.4260 
3.8620 
1.6472 
0.5889 
0.5554 
0.3 180 
0.3646 -0.2432 
0.4482 -0.2105 
0.5107 -0.2473 
0.6038 -0.2608 
0.6820 -0.16 13 
0.7329 -0.1856 
0.9219 -0.1550 
1.0466 -0.1099 
1.4360 0.1563 
1.6659 0.2135 
2.0248 0.4003 
2.5780 0.7310 
2.8261 0.8091 
3.1293 0.9592 
3.6539 1.1571 
3.7863 1.4091 
3.6654 1.3976 
3.0582 1.1685 
2.0135 0.6997 
1.2026 0.3540 
0.6102 0.0748 
0.4426 0.0088 
0.2113 4.1290 
0.4894 -0.2078 
96 
a 
0 
e 
e 
X-Wire Anemometer Data X = 196in. or 4.88111 Flow C 
1.4772 
1.9696 
2.4620 
2.9544 
3 4 6 8  
3.9392 
4.43 16 
4.9240 
5.4164 
5.9088 
6.40 13 
6.8937 
7.3861 
7.8785 
8.8633 
9.8481 
10.8329 
11.8177 
13.7873 
15.7569 
17.7265 
19.6962 
3.4882 1.9037 0.6108 -0.2252 
3.8358 2.4896 0.7745 -0.2707 
4.1272 3.1073 0.9204 -0.1619 
4.0521 2.9817 0.8705 -0.1728 
4.4217 3.4408 1.0831 -0.0973 
4.7086 4.0534 1.2163 0.0861 
5.3612 4.7996 1.5478 0.1212 
5.8382 5.6858 1.83 17 0.4057 
6.1655 6.1676 2.0423 0.5342 
6.6871 6.4277 2.31 18 0.7037 
7.5016 7.3573 2.8631 1.0390 
8.1768 7.6507 3.1954 1.2182 
8.6163 7.7492 3.4162 1.4043 
9.8009 7.9723 3.8348 1.7664 
11.2089 8.2488 4.4101 2.1216 
12.883 1 7.8994 4.0572 1.9 130 
14.1429 6.5467 3.7675 1.6541 
16.71 17 3.0878 2.2018 0.8060 
17.5341 1.1 178 0.8525 0.2581 
17.6293 0.3183 0.2715 0.0575 
17.0204 0.2593 0.1637 0.0433 
3.8837 2.5075 0.7502 -0.2177 
X-Wire Anemometer Data 
0.2500 
0.5000 
0.7500 
1 .oooo 
1.2500 
1 so00 
2.0000 
2.5000 
3.0000 
3.5000 
4.0000 
4.5000 
5.0000 
5.5000 
6.0000 
7.0000 
8.0000 
9.0000 
10.0000 
12.0000 
14.0000 
16.0000 
18.0000 
20.0000 
3.8104 
4.2427 
4.5201 
4.3486 
4.8952 
5.2245 
5.6355 
5.8366 
5.81 11 
6.0522 
6.42 18 
6.9855 
7.7464 
7.9086 
8.5739 
9.2782 
10.6204 
1 1.7950 
12.8 169 
14.6859 
15.8498 
16.0706 
16.2732 
15.6064 
3.5941 
3.2986 
3.9043 
3.1493 
3.7087 
3.9555 
4.1944 
4.5932 
4.5553 
4.5991 
4.9727 
5.3602 
6.0344 
6.2725 
6.5100 
6.63 18 
6.5228 
5.9030 
4.7428 
2.9 170 
1.1502 
0.5789 
0.3569 
1.2574 
X = 227in. 
0.2979 
0.4952 
0.6882 
0.8165 
1.0743 
1.4011 
1.7281 
1.9355 
2.1293 
2.5585 
2.7587 
3.4935 
3.4957 
3.8050 
3.9039 
4.3427 
4.0 1 58 
3.8438 
2.9246 
1.4880 
0.6140 
0.3254 
0.3548 
2.2738 
-0.0786 
-0.0976 
0.1 166 
0.1 175 
0.2547 
0.3660 
0.5212 
0.7342 
0.8355 
I .0074 
1.1483 
1.2203 
1.6523 
1.8848 
2.0348 
2.1577 
2.2291 
2.0564 
1.6391 
0.9560 
0.2856 
0.1570 
0.0880 
0.0028 
or 5.57m Flow C 
97 
X-Wire Anemometer Data X = 87in. or 2.21111 Flow D 
0.0500 
0.0550 
0.0600 
0.0700 
0.0800 
0.0950 
0.1 100 
0.1310 
0.1500 
0.1750 
0.2000 
0.2300 
0.2700 
0.3 100 
0.3500 
0.4000 
0.5000 
0.6000 
0.7000 
0.9000 
1.1000 
12.3526 
12.1035 
12.8870 
13.5237 
13.5631 
14.0225 
14.3696 
14.9595 
14.7334 
14.7471 
14.9340 
14.8506 
15.4194 
15.5327 
16.0812 
17.0413 
17.5554 
17.7000 
18.4643 
17.2438 
18.1711 
X-Wire Anemometer Data 
0.0500 
0.0600 
0.0700 
0.0800 
0.0950 
0.1 100 
0.1300 
0.1500 
0.1750 
0.2000 
0.2400 
0.2900 
0.3500 
0.4 100 
0.4800 
0.5600 
0.6500 
0.7500 
0.9500 
1.1000 
1.3000 
I so00 
1.8000 
2.1000 
2.4000 
5.6806 
6.1012 
6.1762 
6.5729 
6.9137 
7.0350 
7.1050 
7.4689 
7.5484 
7.9486 
8.4300 
8.2222 
9.0781 
8.9064 
9.3029 
9.3717 
10.0390 
10.5930 
11.1312 
1 1.6022 
12.3538 
13.5370 
14.4607 
15.0146 
15.3107 
3.3142 
2.9192 
3.0969 
3.3528 
3.1545 
3.1986 
3.2872 
3.2343 
3.0935 
3.0547 
2.9331 
2.7079 
2.7364 
2.6536 
2.5489 
2.7899 
2.42 1 1 
2.0 185 
1.7367 
1.2765 
1.0043 
2.0830 
2.1624 
2.0829 
2.3151 
2.5 120 
2.4504 
2.3 192 
2.6086 
2.6547 
2.8044 
2.9301 
2.7209 
3.0997 
2.8161 
2.9366 
2.8046 
3.1 141 
3.0099 
2.7455 
2.5476 
2.4243 
1.9151 
I .483 1 
1.0136 
2.9958 
0.7233 
0.6698 
0.7333 
0.7491 
0.7549 
0.7532 
0.7831 
0.8038 
0.783 1 
0.7498 
0.7636 
0.7300 
0.7228 
0.7077 
0.7196 
0.7094 
0.6583 
0.5674 
0.4973 
0.4301 
0.3535 
0.6166 
0.5869 
0.6429 
0.6769 
0.6755 
0.6642 
0.7087 
0.7260 
0.6789 
0.6578 
0.6503 
0.6347 
0.6009 
0.5707 
0.58 17 
0.5819 
0.5179 
0.4357 
0.3569 
0.2615 
0.1947 
X = 112in. or 2.85m Flow D 
0.2836 
0.3061 
0.3271 
0.3842 
0.447 5 
0.4722 
0.4981 
0.5565 
0.6 166 
0.6458 
0.7323 
0.7169 
0.8207 
0.8 178 
0.8512 
0.8585 
0.8902 
0.9092 
0.8960 
0.7943 
0.7485 
0.7181 
0.5824 
0.4701 
0.3406 
0.2070 
0.2364 
0.2419 
0.2805 
0.3196 
0.3472 
0.3496 
0.3826 
0.4092 
0.4275 
0.4779 
0.4803 
0.5586 
0.5201 
0.5589 
0.5597 
0.6141 
0.5951 
0.6066 
0.5423 
0.5066 
0.4349 
0.3268 
0.1587 
0.2558 
a 
98 
a 
0 
X-Wire Anemometer Data X = 136in. or 3.46m Flow D 
3.9392 
4.1854 
4.43 16 
4.6778 
4.9240 
5.4164 
5.9088 
6.40 13 
6.8937 
7.8785 
8.8633 
9.848 1 
10.0528 
10.6145 
10.8496 
11.3215 
1 1.6486 
12.5556 
12.9029 
13.3200 
13.3563 
13.8768 
14.0198 
13.9212 
3.0654 
2.8 184 
2.7490 
2.1166 
2.1389 
1.566 1 
0.9405 
0.5770 
0.4201 
0.2097 
0.0974 
0.0553 
1.0775 
1.008 1 
0.7952 
0.7879 
0.6054 
0.40 1 1 
0.2566 
0.2007 
0.1038 
0.0571 
0.0246 
0.88a7 
0.5578 
0.488 1 
0.3869 
0.3687 
0.3776 
0.2763 
0.1576 
0.0856 
0.0656 
0.0161 
0.0096 
0.0069 
X-Wire Anemometer Data X = 156in. or 3.96m Flow D 
4.9240 
5.9088 
6.8937 
7.8785 
8.8633 
9.8481 
10.8329 
11.8177 
13.7873 
15.7569 
7.065 1 
8.0005 
9.9384 
1 1.3620 
12.41 17 
1 3.1 974 
14.0 186 
13.5543 
13.9924 
13.8094 
3.2912 
3.1396 
2.9165 
1.6987 
0.8878 
0.3487 
0.0004 
0.0002 
0.0003 
0.0004 
1.2705 0.5199 
1.2 1 1 1 0.4794 
1.0809 0.4544 
0.7010 0.2944 
0.4451 0.1558 
0.2100 0.0562 
0.0000 0.0000 
0.0001 0.0000 
0.0003 -0.0003 
0.0000 0.0000 
X-Wire Anemometer Data X = 176in. or 4.47m Flow D 
e 
0 
0.2462 
0.4924 
0.7386 
0.9848 
1.2310 
1.4772 
1.9696 
2.4620 
2.9544 
2.9544 
3.4468 
3.9392 
4.4316 
4.9240 
5.4164 
5.9088 
6.4013 
6.8937 
7.3861 
7.8785 
9.848 1 
10.8329 
11.8177 
12.8025 
13.7873 
8.8633 
1.6718 
1.5920 
1.7107 
1 A708 
1.9280 
I .9692 
1.9932 
2.2003 
2.1815 
2.2204 
2.3588 
2.7586 
3.2538 
3.5525 
3.942 1 
4.3615 
4.8188 
5.30 14 
6.0799 
6.3830 
7.6812 
8.8618 
9.4903 
10.6408 
11.2920 
1 1.6033 
0.3394 
0.3434 
0.3602 
0.4102 
0.4275 
0.4579 
0.5652 
0.6456 
0.6939 
0.8026 
0.8020 
1.1887 
1.4459 
1.6830 
1.8210 
2.0974 
2.1754 
2.3793 
2.7282 
2.7082 
2.6297 
2.3419 
1.7836 
1 a691 
0.5265 
0.2175 
0.0687 -0.0740 
0.08 12 -0.0596 
0.0988 -0.0630 
0.1 100 -0.0653 
0.1273 -0.0651 
0.1322 -0.0629 
0.1672 -0.0743 
0.1979 -0.0467 
0.2064 -0.0597 
0.2326 -0.0442 
0.2588 -0.0493 
0.3602 -0.0320 
0.5067 0.0270 
0.5627 0.0224 
0.6797 0.0502 
0.8135 0.1933 
0.8555 0.1637 
1.0123 0.2589 
1.1318 0.3363 
1.1668 0.3966 
1.1796 0.4385 
1.0466 0.3761 
0.8248 0.3 110 
0.5630 0.1860 
0.3270 0.1034 
0.1817 0.0326 
a 
99 
e 
a 
e 
Single Wire Anemometer Data X = 64in. or 1.63m Flow C 
0.0120 
0.0140 
0.0 160 
0.0 180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1.5000 
17.2880 
17.3389 
17.7079 
17.9333 
18.2223 
18.5643 
18.6664 
18.9224 
19.3295 
19.6279 
19.9534 
20.3305 
20.3435 
2 1 .OS06 
21.6972 
22.2790 
22.9651 
23.6542 
24.8365 
26.0894 
27.3699 
28.3753 
30.00 15 
3 1.0498 
3 1.3637 
31.4259 
3 1 A723 
5.071 1 
4.9723 
4.9298 
5.0001 
5.0140 
4.8309 
4.8269 
4.9641 
4.9578 
4.9549 
5.0454 
4.9095 
5.0013 
5.0182 
4.8634 
4.8383 
4.3837 
4.0 186 
3.4213 
2.6636 
2.1320 
1.2469 
0.3741 
0.0678 
0.0473 
0.0966 
4.9738 
Single Wire Anemometer Data X = 87in. or 2.21m Flow C 
0.0120 
0.0140 
0.0 160 
0.0 180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6250 
0.8000 
1 .oooo 
1.2500 
1 .so00 
2.0000 
2.5000 
12.8042 
12.9072 
13.2946 
13.9056 
13.9908 
14.1627 
14.4936 
14.5936 
14.8922 
14.9530 
15.1974 
15.5248 
16.0054 
16.4 195 
16.9295 
17.43 19 
18.0805 
18.8011 
19.4933 
20.5866 
21.9824 
22.8266 
24.5839 
26.6737 
28.4822 
28.8440 
29.1442 
29.2994 
28.7573 
5.1 553 
5.1 165 
5.1225 
5.0214 
4.7978 
4.5685 
4.5073 
4.4627 
4.4966 
4.4085 
4.3625 
4.3721 
4.4640 
4.5819 
4.5813 
4.6254 
4.7127 
4.5719 
4.3441 
4.1504 
3.8321 
3.5444 
2.7114 
1.9219 
0.9488 
0.1711 
0.0438 
0.0834 
0.082 1 
100 
0 
0 
* 
Single Wire Anemometer Data X = 112in. or 2.85m Flow C 
Y 
(inch) 
0.0120 
0.0140 
0.0160 
0.0180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1 .so00 
2.0000 
2.5000 
3.0000 
4.0000 
U 
(mls) 
6.9879 
7.2568 
7.5643 
7.8050 
8.1265 
8.3893 
8.5841 
8.5487 
8.6 174 
8.7478 
9.0074 
9.1851 
9.3864 
9.6131 
9.8872 
10.3033 
10.7441 
11.1889 
1 1 S634 
12.3898 
1 3.42 1 8 
14.2017 
15.2868 
16.9814 
18.5816 
20.5109 
22.2033 
24.245 1 
24.5 143 
24.5537 
24.46 13 
r12 
(m/$ 
3.7613 
3.8198 
3.8551 
3.8596 
3.91 11 
3.8721 
3.8058 
3.7029 
3.6655 
3.6812 
3.7257 
3.7150 
3.7427 
3.7820 
3.8906 
4.0914 
4.2621 
4.3778 
4.4272 
4.6969 
4.9383 
5.0038 
4.9383 
4.6733 
4.1590 
3.2966 
2.2210 
0.33 15 
0.0515 
0.0668 
0.0858 
Single Wire Anemometer Data X = 136in. or 3.46m Flow C 
0.0120 1.3832 
0.0100 1.3959 
0.0160 1.4238 
0.0180 1.4407 
0.0200 1.6037 
0.0230 1.7668 
0.0260 1.7856 
0.0290 1.8045 
0.0320 1.8852 
0.0350 1.9741 
0.0400 1.9719 
0.0450 2.0961 
0.0500 2.0842 
0.0600 2.1365 
0.0750 2.2648 
0.0900 2.4197 
0.1 100 2.4243 
0.1500 2.5617 
0.2000 2.7025 
0.2750 3.1317 
0.3750 3.3927 
0.4500 3.6908 
0.6000 4.307 1 
0.8000 4.8659 
1.0000 5.5083 
1.2500 6.6363 
1 .SO00 8.1492 
2.0000 10.5804 
2.5000 13.4089 
3.0000 16.0128 
4.0000 20.3027 
5.0000 2 1.4569 
5.7500 21.8702 
6.5000 2 1.9977 
7.5000 21.9636 
0.7552 
0.85 12 
0.8827 
0.9775 
1 . a 6 0  
1.1651 
1.2151 
1.2417 
1.3242 
1.4044 
1.3949 
1.5502 
1.5058 
1.6468 
1.6663 
1.8917 
1.8653 
2.051 5 
2.0750 
2.4666 
2.9848 
3.1380 
4.0116 
4.8287 
5.1 165 
5.9948 
6.8879 
7.6054 
7.3932 
6.3497 
2.2609 
0.1301 
0.051 7 
0.0325 
0.0002 
101 
a 
a 
* 
a 
0 
Single Wire Anemometer Data X = 227in. or 5.77m Flow C 
Y 
(inch) 
0.0230 
0.0260 
0.0290 
0.0340 
0.0370 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1 so00 
2.2500 
2.5000 
3.0000 
4.0000 
5.0000 
6.0000 
7.0000 
8.0000 
9.5000 
1 1 .oooo 
12.5000 
14.0000 
15.5000 
17.0000 
U 112 
(W) (m/$ 
1.3870 0.6341 
1.4813 0.7376 
1.5229 0.8509 
1.5685 0.8572 
1.5119 0.7878 
1.5279 0.7629 
1 .SO99 0.7658 
1.5069 0.7349 
1.5536 0.7536 
1.4753 0.6680 
1.5767 0.7681 
1.5671 0.7577 
1.6184 0.7819 
1.68 10 0.8279 
1.7247 0.8247 
1.7958 0.8775 
1.9276 1.0681 
1.9809 1.0454 
2.0774 1.1640 
2.1225 1.2854 
2.7097 2.1434 
3.065 1 2.6059 
3.4480 3.0707 
4.0540 4.2412 
3.9062 4.0346 
4.9018 5.4835 
6.0688 6.9482 
7.4733 8.1865 
8.4918 8.6003 
10.2138 9.2640 
12.5525 8.6499 
14.8275 6.8442 
16.4404 3.6151 
17.5776 1.2649 
17.4087 0.4404 
17.5089 0.2481 
Single Wire Anemometer Data X = 64in. or 1.63m Flow D 
0.0 I20 
0.0140 
0.0 160 
0.0180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
11.3357 
11.6351 
11.8223 
12.4498 
12.6424 
13.0111 
13.2139 
13.3396 
13.5499 
13.8226 
14.2014 
14.521 1 
14.7350 
14.9324 
15.6540 
16.2169 
16.6175 
17.5304 
18.3964 
19.0824 
19.7 181 
20.1493 
20.6450 
20.8554 
21.3016 
2 1.4457 
3 A80 1 
3.7802 
3.6996 
3.7923 
3.6172 
3.5597 
3.4277 
3.3977 
3.5279 
3.3958 
3.3532 
3.3596 
3.2437 
3.3043 
3.3082 
3.3515 
3.2990 
3.2187 
2.9741 
2.6374 
2.1684 
1.9122 
1.4644 
1.0553 
0.8686 
0.7240 
102 
a 
0 
0 
Single Wire Anemometer Data X = 87in. or 2.21111 Flow D 
Y 
(Inch) 
0.0120 
0.0140 
0.0160 
0.0180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1 .so00 
2.0000 
2.5000 
3.0000 
4.0000 
5.0000 
7.0000 
U 
( m l 4  
9.1 166 
9.3218 
9.5720 
9.8025 
10.0497 
10.1808 
10.5156 
10.7700 
10.9944 
1 1.0694 
11.2799 
11.4955 
1 1.6935 
11.9914 
12.191 7 
12.5627 
12.9800 
13.5680 
14.2 186 
14.8772 
15.593 1 
16.3378 
16.9642 
17.6862 
18.591 8 
19.0696 
19.1690 
19.4085 
19.5049 
20.0664 
20.1488 
20.3377 
20.3277 
(m132 
3.5148 
3.4138 
3.3864 
3.3721 
3.2653 
3.1792 
3.1995 
3.1063 
3.1078 
2.9843 
2.9582 
3.0021 
2.9386 
2.8518 
2.8937 
2.9410 
2.9271 
2.9863 
3.0132 
2.7948 
2.6265 
2.5228 
2.1315 
1.6246 
1.2687 
0.9050 
0.6641 
0.4449 
0.3 193 
0.2224 
0.0285 
0.0835 
0.0688 
Single Wire Anemometer Data X = I12in. or 2.85m Flow D 
0.0 120 
0.0140 
0.0160 
0.0 180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1 500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1 .so00 
2.0000 
2.5000 
3.0000 
4.0000 
5.0000 
7.0000 
9.0000 
3.9247 
4.1958 
4.4246 
4.6339 
4.8146 
4.99 12 
5.0662 
5.1670 
5.2925 
5.3662 
5.5236 
5.7342 
5.9353 
6.2 178 
6.3704 
6.5867 
7.0559 
7.4776 
7.8669 
8.4507 
8.8041 
9.5862 
10.6588 
1 1.3465 
12.3393 
13.1374 
14.37 17 
14.9770 
15.3909 
15.7357 
15.8293 
16.0523 
16.0521 
1.9279 
2.0148 
2.0931 
2.1353 
2.1386 
2.1222 
2.1137 
2.1760 
2.1325 
2.1333 
2.0918 
2.1277 
2.1641 
2.2684 
2.2941 
2.3060 
2.5198 
2.6352 
2.8704 
3.0928 
3.0791 
3.1038 
2.9289 
2.5175 
2.9086 
2.1 110 
1.2997 
0.7519 
0.2813 
0.1 161 
0.0407 
0.0588 
0m8 
103 
e 
Single Wire Anemometer Data X = 136in. or 3.46m Flow D 
0.0 140 
0.0 160 
0.0180 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1 100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
1.2500 
1 so00 
2.0000 
2.5000 
3.0000 
3.5000 
4.0000 
4.5000 
5.0000 
5.5000 
6.0000 
6.5000 
7.0000 
7.5000 
8.0000 
0.8040 
0.8755 
0.8558 
0.9656 
1.0759 
1.1122 
1.2388 
1.2395 
1.2474 
1.3333 
1.3346 
1.3442 
1.4319 
1.5353 
1.6026 
1.7048 
1.7738 
1.7889 
2.1344 
2.2840 
2.36 17 
2.6914 
3.1290 
3.3429 
3.8509 
4.3111 
5.6749 
7.1404 
8.1663 
8.98 18 
10.2641 
11.1596 
12.0801 
12.8677 
13.1 858 
13.6843 
13.8724 
14.2955 
14.1528 
0.1705 
0.2253 
0.2271 
0.2961 
0.3694 
0.4031 
0.4757 
0.4509 
0.4880 
0.5574 
0.5667 
0.5347 
0.6177 
0.7135 
0.6722 
0.7534 
0.8068 
0.82 13 
1.0710 
1.0977 
1.2219 
1 S208 
1.6570 
2.01 17 
2.2816 
2.6818 
3.2766 
3.7444 
3.8387 
3.2279 
2.9709 
2.2720 
1.7718 
1.1644 
0.6423 
0.4403 
0.3244 
0.2364 
0.1652 
104 
0 
e 
0 
e 
Single Wire Anemometer Data X = 156in. or 3.96m Flow C 
0.0200 
0.0230 
0.0260 
0.0290 
0.0320 
0.0350 
0.0400 
0.0450 
0.0500 
0.0600 
0.0750 
0.0900 
0.1100 
0.1500 
0.2000 
0.2750 
0.3750 
0.4500 
0.6000 
0.8000 
1 .oooo 
I .2500 
1 so00 
2.0000 
2.5000 
3 .OOOO 
3.5000 
4.0000 
4.5000 
5.0000 
5.5000 
6.0000 
6.5000 
7.0000 
8.0000 
9.0000 
10.0000 
12.0000 
14.00OO 
0.8490 
0.8067 
0.8 174 
0.8850 
0.8551 
0.9044 
0.8920 
0.9407 
1 .OO47 
0.9514 
1.0229 
1.0923 
1.1042 
1.1643 
1.2229 
1.2909 
1.2603 
1.3704 
1.5162 
1.6238 
1.8183 
2.3 159 
3.0184 
3.4557 
4.2384 
5.0052 
5.7364 
6.7471 
7.3882 
8.2874 
9.2803 
10.8226 
11.8160 
12.5055 
13.0347 
13.0088 
0.8357 
0.8919 
I .sa32 
0.1544 
0.1613 
0.1417 
0.1622 
0.1512 
0.1925 
0.1588 
0.1689 
0.1874 
0.1973 
0.1906 
0.2375 
0.2355 
0.2783 
0.2776 
0.3095 
0.3258 
0.4097 
0.5657 
0.6282 
0.7432 
0.8603 
1.2675 
1.7105 
2.0984 
2.6645 
3.2855 
3.2968 
3.4401 
3.4739 
3.3036 
2.9 188 
2.0837 
1.1015 
0.4752 
0.1012 
0.0605 
0. I 398 
0.3638 
0 
e 
0 
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A detailed study of two strong adverse pressure gradient flows, one 
with free-stream velocity of 33 m/sec., at throat (producing a Re, of 27000 
at detachment) and another with free-stream velocity of 22 m/sec., at throat 
(producing a Reg of 19000 at detachment) is presented here. 
In these flows flow separates slowly and reattaches very rapidly over 
a very short distance in stremise direction. 
appears to be a semi-logarithmically flat region in the streamwise fluctuating 
velocity component, ut, which spreads over a definite range of y/6. 
In power spectra, the flow variables VUu(k6)/-u%,, VS. k,6 forms a 
unique set of scaling parameters for adverse pressure gradient flows. 
In backflow region, there 
- 
The experimental results presented here is compared with previous 
studies which shows good agreement. 
